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ABSTRACT 
Pygmy spernl whales (Kogia breviceps) are the second most frequently stranded 
toothed whale along the U.S. Atlantic and Gulf coasts. More than half of documented 
cases exhibit signs of cardiolllyopathy (CMP). Many factors may contribute to the 
development of idiopathic CMP in K. breviceps, including genetics, infectious agents, 
contanrinants, biotoxins, and dietary intake (vitamins, selenium, mercury, and pro-
oxidants). Nutritional deficiencies of selenium eSe) have been shown in mouse and 
bovine models to contribute to CMP. The K. breviceps diet, consisting mainly of squid, 
imparts a high dose of mercury (Rg), which requires detoxification, and polyunsaturated 
fatty acids (PUPAs) that require effective antioxidant biochemistry to regulate free 
radical formation. This study assesses trace elements in K. breviceps at various stages of 
eMP progression using fresh frozen liver and heart samples collected from individuals 
that stranded along the coasts of MA, VA, NC, SC, GA, and FL between 1991-2007. 
Standard addition calibration and collision cell inductively coupled plasma mass 
spectrometry (ICP-MS) were employed for total Se analysis and pyrolysis atomic 
absorption (AA) was utilized for total Hg analysis to examine if the Se/Hg detoxification 
pathway inhibits the bioavailability of Se. Double spike speciated isotope dilution gas 
chrOlnatography ICP-MS was utilized to measure methyl Hg and inorganic Hg. Due to 
the important role Se can play in antioxidant biochemistry and protein formation, 
Vlll 
selenoprotein and small molecule Se species profiles were examined by multi-dilnension 
liquid chromatography ICP-MS detection, and selenoprotein identification was 
performed by liquid chromatography electrospray tandem mass spectrometry (ESI-
MS/MS). Immunoblot detection and colorimetric assays were used to assess overall 
protein oxidation status. 
Data collected on trace elements, selenoproteins, and oxidative status were 
evaluated in the context of animal life history and other complementary histological 
information to gain insight into the biochemical pathways contributing to the 
development of CMP in K. breviceps. Cardiomyopathy was only observed in adult 
pygmy sperm whales, predominantly in male anilnals. Both Hg and Se concentrations 
increased with animal age and progression of cardiomyopathy. Animals with 
cardiomyopathy had greater overall protein oxidation. Selenium protein patterns, such as 
metallothioneins, were different between animals with no pathological findings and those 
with cardiomyopathy, indicating that Se protein expression is altered with the disease 
state in pygmy sperm whales. 
IX 
CHAPTER! 
INTRODUCTION AND BACKGROUND 
During 2003, an increased nUlnber of pygmy sperm whales (Kogia hreviceps) 
stranded along the southeastern coasts of the United States and renewed interest in 
understanding health problems associated with the species. Pygmy sperm whales strand 
with greater than 50 % of individuals exhibiting cardiomyopathy pathology or some state 
of cardiac degradation (Bossart et aI., 2007). Many factors may contribute to the 
developn1ent of idiopathic cardiomyopathy in K. breviceps, including genetics, infectious 
agents, chemical toxins, biotoxins, contaminants, and nutritional abnormalities. Pygmy 
sperm whales primarily consume a squid diet that is high in polyunsaturated fatty acids 
(PlJFAs) and free radicals. It is uncertain if this restrictive diet is playing a role in the 
progression of cardiomyopathy by requiring an excessive antioxidant, while 
simultaneously adding large enough doses of mercury CRg) that can affect selenium (Se) 
biochemistry response. This study will focus on relating cardiomyopathy progression to 
Se and Hg chemistries and protein oxidative stress. Trace element concentrations have 
been \vell documented in marine mammal species that have strong interactions with 
humans through sharing coastal water habitats, subsistence hunting, or being caught as 
fisheries by-catch, while little is known about pelagic pygmy sperm whales that rarely 
have interactions with humans until stranding. Many marine mammal studies have put 
forth the idea that Se status may be in1pacted by sequestration chemistry wherein Se 
binds Hg in the process of detoxifying Hg, but the ultimate biochemical impact of this 
detoxification mechanisn1 has been less studied. The process of detoxification of n1ethyl 
Hg in the liver could potentially make Se less bioavailable to act as an antioxidant and to 
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form selenoproteins. Nutritional deficiencies of Se, accumulation of Hg, and imbalance 
of oxidants have been shown in humans, mice, hamsters, cattle, and dogs to play roles in 
the development and progression of cardiomyopathy (Kennedy et a1., 1987; Xia et aI., 
1989; Foster and Sumar, 1997; Zhang et aI., 1997; Bartfay et a1., 1998; Freeman et a1., 
1998; Freeman et a1., 1999; Frustaci et aI., 1999; I-Iara et aI., 2001~ Bergqvist et aI., 2003~ 
Kannan et aI., 2004~ Ichihara et a1., 2006). 
The goal of this research is to evaluate data collected on trace elements and 
protein oxidation in the context of animal life history and across stages of cardiac disease 
progression. Before novel chemical measurement data and Se protein data can be put 
into context for pygmy sperm whales, heart disease stage definitions must be established; 
and histological and life history information for each animal in the study has to be 
gathered from collaborating institutions, compiled, and organized. Only a few research 
groups have attenlpted to address in depth progression of cardiomyopathy in pygmy 
sperm whales (Bossart et aI., 1985; Bossart et a1., 2007). This is the first study to relate 
trace element and protein markers to cardiomyopathy in pygmy sperm whales. 
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PYGMY SPERM WHALES 
Life History 
Pygmy spern1 whales are odontocetes and are one of two species in the family 
Kogiidae. T'he pygmy sperm whales (Kogia breviceps) and dwarf sperm whales (Kogia 
sima) w'ere first identified as a single species and described by Henry de Blainville in 
1838 (Caldwell and Caldwell, 1989). Pygn1y sperm whales were named as a separate 
species from dwarf sperm whales in 1966 due to cranial morphometric and genetic 
differences (Handley, 1966; Arnason et aI., 1993). At sea, it is difficult to distinguish 
bet\veen the two Kogia species since they are similar in size and shape. Most of the 
information that has been attained on pygmy sperm whales has come from stranded 
animals. Pygmy sperm whales are protected under the Marine Mammal Protection Act 
and the status of the species is considered strategic by the National Marine Fisheries 
Service (NMFS) due to increased rnortality events and fishery related mortalities that 
have exceeded the Potential Biological Removal put forth by NMFS (Waring et aI., 
2006). 1'hey are a cosmopolitan, pelagic species found worldwide in temperate, 
subtropical, and tropical deep water seaward of the continental shelf (Baumgartner et aI., 
2001). Aerial and ship surveys have confirmed that K. breviceps are an oceanic species 
observed at water depths greater 200 ill and in groups of one to two animals (Mullin et 
aI., 1994; Mullin and Fulling, 2004). 
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Adults reach a total length of 2.7-3.5 m and a mass of 300-400 kg. The 
approximate maximum life span for males is 16 years and for females is 22 years 
(Caldwell and Caldwell, 1989). Teeth can be extracted for age determination by counting 
growth layer groups (Smar, 2007). Animals are divided into three age classes based on 
the following criteria: calf, dependent animal that is observed with its presumed mother 
or < 200cm; subadult, independent sexually immature animals 200-270 cm~ adult, 
independent animals observed indication of sexual maturity (oogenesis or 
spermatogenesis) or> 270 cm. Females become sexually mature at a younger age than 
males at about 3.5 years and 5 years, respectively. Pygmy sperm whales grow at a fast 
rate and reach sexual maturity quickly relative to other odontocetes such as bottlenose 
dolphins (Tursiops truncatus), in which females reach sexual maturity at 5-10 years of 
age and males reach sexual maturity at 8-12 years of age (Wells and Scott, 1999). 
Diet 
Pygmy sperm whales are pelagic odontocetes that feed at higher trophic levels 
than rnysticetes and other marine organisms lower in the food chain. Pygmy sperm 
whales feed almost exclusively on oceanic cephalopods froln the diphotic zone and feed 
mininlally on crustaceans and fish (McAlpine et aI., 1997; Beatson, 2007). Cephalopods 
are known to accumulate high levels of essential and non-essential trace elements, which 
determine bioavailability of these elements to upper trophic levels (Bustamante et aI., 
2006; Manso et aI., 2007). K. hreviceps stomach contents have revealed through beak 
identification that greater than 800/0 of their diet consists of squid from the 
Histioteuthidae family (Santos et aI., 2006). Diet information based on stomach content 
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may be skewed towards beaked mollusks since some prey items may be digested and 
pass through the gut, while beaks are not digested. Squids are at a lower trophic level 
than pelagic fish species and have high concentrations of polyunsaturated fatty acids 
(PUFAs) (U.S. Department of Agriculture, 2007). Squid in the family Histioteuthidae are 
predatory squid that concentrate Hg and other contaminants in the food chain 
(Bustamante et aI., 2006; Santos et aI., 2006). Mercury obtained through diet contributes 
to oxidative damage and may affect Se biochemistry response. 
During the day, pygmy sperm whales dive to great depths following their prey as 
the squid migrate vertically in the water column with light. Prey species concentrate at 
the epi- and nleso-pelagic zones (I-Iooker, 2001). Pygmy sperm whale heart and lung 
mass relative to total body mass are a smaller percentage than other cetaceans (Bossart et 
aI., 1985). Great cardio-pulmonary demands are placed on K. hreviceps during deep 
dives, and it is unknown if their restrictive diet is contributing to onset of cardiomyopathy 
via creating large demands for antioxidants to deal with ingested PUPAs that can quickly 
oxidize and turn rancid in 'vivo. 
Stranding 
Pygmy sperm whales are the second most frequently stranded toothed whale 
along the United States Atlantic and Gulf of Mexico coasts behind bottlenose dolphins 
(Tursiops truncatus) (Odell, 1991). Their strandings lack seasonal patterns and animals 
usually strand alive, either individually or in mother-calf pairs. Calves are thought to 
strand due to primary disease in their mothers (Manire et aI., 2004). After a record 
nurnber of Kogia spp. strandings, NMFS declared an unusual mortality event in 2003 
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prompting the need for more research on health problems associated with pygmy sperm 
whales. Most pygmy sperm whales strand alive and are subsequently euthanized due to 
poor success with rehabilitations (Manire et aI., 2004). There is no true control for this 
study since all whales that strand are in some form of distress. All animals that are part 
of this study were either euthanized or freshly dead in order to minimize postmorten1 
degradation of samples. 
Disease State 
Several disease states have been noted in pygmy sperm whales including high 
parasite loads, bacterial infection, viral infection, exposure to biotoxins (Fire et aI., 2009), 
exposure to contalninants, and cardiomyopathy (Bossart et aI., 1985; Bossart et aI., 2007). 
Another threat, coming from humans, is ingestion of plastic debris being reported in 
some anin1als' stomachs when necropsies are performed (Scott et al., 2001). Many 
animals are found to have great burdens of nematodes (Anisakis sinlplex, Anisakis 
physeteris, and Terranova ceticola) in their stomachs (Bustamante et al., 2003). Other 
internal parasites identified in K. hreviceps were cestodes and acanthocephalan 
(McAlpine et aI., 1997). Morbillivirus infection, which occurs epizootically in toothed 
whales, was reported for the first time in a pygmy sperm whale that stranded in 
Taiwanese waters (Yang et aI., 2006). In a recent study, domoic acid was reported for the 
first time in urine and feces of pygmy sperm whales that stranded along the U.S. Atlantic 
coast. K. breviceps have a unique ability to accumulate domoic acid and deleterious 
effects of toxin exposure in this species in currently unknown (Fire et aI., 2009). 
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More than half of the documented cases of stranded pygmy sperm whales report 
signs of cardiolnyopathy from gross pathology. Along with cardiac degradation in 
cardiomyopathy, the liver has been observed in a state of chronic passive congestion 
(Bossart et aI., ] 985). Myocardial contraction band necrosis has been observed in several 
cetacean species including bottlenose dolphin (Tursiops truncatus), Fraser's dolphin 
(Lagenodelphis hosei), striped dolphin (Stenella coeruleoalba), spotted dolphin (Stenella 
attenuata), short-finned pilot whale (Globicephala lnacrorhynchus), rough-toothed 
dolphin (Steno bredanensis), sperm whale (Physeter Inacrocepha[us), false killer whale 
(Pseudorca crassidens), and Antillean beaked whale (MesopZodon europaeus) (Turnbull 
and Cowan, 1998). In these species, necrosis bands have not been implicated with 
chronic heart disease and have been associated with acute myopathy due to 
catecholamine release. Dilated cardiomyopathy has been examined in southenl sea otters 
(Enhydra lutris nereis) and associated with long term exposure to domoic acid (Kreuder 
et aI., 2005). Bossart et a1. (2007) found that cardiomyopathy in pygmy sperm whales is 
of a mixed type, where there is combination of dilation and hypertrophy in the cardiac 
tissue. The study also suggested that cardiomyopathy in a pygmy sperm whale is not an 




Morphology and Physiology 
Non-ischemic cardiomyopathy is a myocardial disease that results in deterioration 
of myocardiulll and cardiac dysfunction due to dilation and hypertrophy of cardiac tissue 
and thickening of ventricular walls. In humans, experimental model animals, and 
terrestrial animals the types of non-ischemic cardiomyopathy that have been identified 
include: hypertrophic, dilated, restrictive, arrhythmogenic right ventricular and mixed 
form. Dilated cardiomyopathy is the most common form of cardiomyopathy (Towbin 
and Bowles, 2002). The left ventricle becomes enlarged with dilated cardiomyopathy 
causing the weakened ventricle to struggle in pumping enough blood to Ineet the body's 
needs. In idiopathic, toxic, and viral hypertrophy, the left ventricle and septum thicken 
and become stiff resulting in less blood flow since the ventricle cannot fully relax 
between heartbeats. Restrictive cardiomyopathy has many causes but is generally 
characterized by stiffening of the heart chamber walls resulting in restrictive stretching 
and filling of the heart properly with blood. Genetic etiologies, such as arrhythmogenic 
right ventricular cardiomyopathy, are distinguished by progressive fibrofatty replacement 
of right ventricular myocardium~ which is associated with arrhythmia that originates in 
the right ventricle (Richardson et aI., 1996). This study focuses on a mixed form of 
cardiomyopathy that includes features associated with hypertrophic and dilated 
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cardiomyopathy. The outcome with both types of cardiomyopathy is diminished heart 
pumping function and ultimately death if gone without treatment. Liver congestion is 
also observed as a direct result of decreased heart function. Humans with dilated 
cardiomyopathy can have left ventricular dilation for months or years before developing 
symptoms. 
Cardiomyopathy is diagnosed in living humans and laboratory animals using non-
invasive assessment tools, such as thoracic radiography, electrocardiography, and 
echocardiography, which allow identification of disease characteristics in early stages. 
Thoracic radiography can show enlargement of the heart and pulmonary congestion in 
severe or late stage cases of cardion1yopathy. Electrocardiograms commonly present 
abnormalities such as atrial fibrillation or sinus tachycardia, ventricular arrhythmias, and 
chamber enlargement (Ferasin, 2009; Steriotis et aI., 2009). Echocardiograms allow 
measurement of cardiac wall thickness and ventricular chamber diameter during phases 
of the cardiac cycle. This tool can identify left ventricular dilation, which is accompanied 
by reduced ejection fraction, or myocardial hypertrophy, which is accompanied by 
decreased fractional shortening (Frustaci et aI., 1999; Ferasin, 2009). 
Since pygmy sperm whales are rarely spotted at sea and cannot have medical 
examination while they are freely swimming. Currently, it is impossible to diagnose 
cardiomyopathy in this species using the non-invasive, early detection tools mentions 
above therefore the disease cannot be identified until a whale strands on the beach and 
dies with advanced stages of the disease. Development of chemical or protein 
biomarkers that could be obtained from a non-invasive sampling at sea (i.e. dart biopsy) 
would aid in diagnosing pygmy sperm whales in early stages of cardiomyopathy. Gross 
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pathological eXalTIS of pygmy sperm whale hearts show thickening and hardening of the 
left ventricle; the right ventricle becoming dilated, thin, and flabby; and generalized 
myocardial pallor (Bossart et aI., 2007). Figure 1 is an example of a heart from this study 
that does not demonstrate gross pathology of cardiomyopathy, while the heart in Figure 2 
is affected by cardiomyopathy_ Additionally, chronic passive congestion of the liver is 
observed in conjunction with cardiomyopathy in pygmy sperm whales. 
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Figure 1. K.hreviceps heart with no gross pathology indicating cardiomyopathy; right 
ventricle (RV); left ventricle (LV). 
Figure 2. K. hreviceps heart with cardiomyopathy; note the right ventricle (RV) is 
thinned and the left ventricle (LV) shows thickening. 
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Histology 
Dallas criteria in humans for cardiomyopathy is a standard in diagnosing 
cardiomyopathy through histopathology (Aretz, 1987). Several of the histological 
features that will be discussed are highlighted in pygmy sperm whale heart tissue 
micrographs (Figures 3-9). Figure 3 shows pygmy sperm whale myocardium with no 
pathological findings noted by myocytes being uniform in shape and size, tightly 
connected, and parallel to one another. A variety of myocardial lesions can be identified 
by histopathology in humans and lab animals with cardiomyopathy. These lesions 
include myocyte hypertrophy and disarray (Figure 9), cardiomyocyte necrosis and 
degeneration, interstitial edema (Figures 4 and 8), and interstitial fibrosis (Figures 4 and 
8) or areas of myocyte replacement with loose connective tissue (Virmani, 2004; Ferasin, 
2009). Myocardial fibers undergo degenerative changes leading to loss of cross-striations 
(Frustaci et aI., 1999). Myofibrillar loss causes vacuolization of myocytes (Figures 4 and 
8). Increased nuclear DNA content results in anisokaryosis with karyomegaly or multiple 
nuclei in a myocyte (Virmani, 2004), which are shown in Figure 6 with an arrow pointing 
at the enlarged box-shape nucleus and Figure 7 with an arrow pointing at the two nuclei 
within a cell. Electron microscopy can reveal loss of contractile elements and 




Figure 3. Photomicrograph of heart tissue from pygmy sperm whale with no pathological 
findings. H&E stain; 20X magnification. 
Figure 4. Photomicrograph of heart tissue from pygmy sperm whale with 
cardiomyopathy; note the interstitial edema (small arrows), vacuolization (arrow head), 
and fibrosis (large arrow). H&E stain; 20X magnification. 
-14-
Figure 5. Photomicrograph of heart tissue from pygmy sperm whale with no pathological 
findings; note the uniform shape and size nuclei. H&E stain; 40X magnification. 
Figure 6. Photomicrograph of heart tissue from pygmy sperm whale with 
cardiomyopathy; note the anisokaryosis with karyomegaly (arrow). H&E stain; 40X 
magnification. 
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Figure 7. Photomicrograph of heart tissue from pygmy sperm whale with 
cardiomyopathy; note the multiple nuclei within cells (arrow). H&E stain; 40X 
magnification. 
Figure 8. Photomicrograph of heart tissue from pygmy sperm whale with 
cardiomyopathy; note the interstitial edema (small arrows), vacuolization (arrow head), 
and diffuse fibrillar deposits of collagen (large arrows). H&E stain; 20X magnification. 
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Figure 9. Photomicrograph of heart tissue from pygmy sperm whale with 
cardiomyopathy; note the myofiber disarray and architectural disorganization of 
cardiomyocytes (arrows). H&E stain; 20X magnification. 
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Identifying CMP in Pygmy Sperm Whales 
The presence of cardiomyopathy in pygmy sperm whales was first described by 
Bossart el a1. (1985). Stages of cardiomyopathy progression have been characterized in 
Kogia spp. through gross pathology and histology (Bossart el aI., 2007). Heart samples 
need to be categorized through pathology into stages of cardiomyopathy progression in 
order to relate life history, trace element, and protein oxidation data to disease state in 
Chapters 2 and 3. Sampling processes and preparation procedures need to be evaluated 
and the resultant available data need to be organized before the various stages of disease 
progression can be quantified. This fundamental and necessary aspect of the research 
underpins the subsequent aims of the study so that all the chemical entities measured can 
be put into a disease context. Many of the samples obtained for this study have been 
collected over several years using various procedures. These processes are summarized 
here as knowledge of the procedures and protocols used is essential to determining the 
inherent quality and the best utility of the available samples and complementary data. 
The Kogia Healt Dissection Manual (Hensley et aI., 2005) was developed to aid in 
consistent and standardized collection of tissues for microscopic and chemical analyses. 
Pygmy sperm whales were included in this study if they were freshly dead (early 
Code 2) or stranded alive, but subsequently died or were euthanized. Necropsies were 
perfonned on each animal for a gross pathological examination, to collect tissues from 
major organs for histological examination, and to collect life history data. Tissues that 
were collected for histology \-vere fixed in 10% neutral buffered formalin, dehydrated 
with 70 % ethanol, cleared of dehydrant, embedded in paraffin, and sectioned at 5 J.lffi 
with a microtome. 'The sections were deparaffinized and stained with hematoxylin and 
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eosin stain. Tissue slides were visualized by light microscopy and imaged. Histology 
samples were prepared at the Armed Forces Institute of Pathology (AFIP) or University 
of Tennessee. Along with the expertise of pathologists, histology slides were examined 
for anisokaryosis with karyomegaly, nuclear rowing, interstitial edema, myofiber disarray 
(architectural disorganization), wavy-attenuated myofibers, loss of cross-striations, 
eosinophilic hOITIogenization of sarcOplaSlTI and vacuolization, neutrophil infiltration, and 
fibrosis. Heart stage classification was standardized by having a single pathologist 
evaluate all H&E-stained slides and blindly scoring all cases independent of chemical and 
protein analyses. 
Since 1993, Center for Coastal Environmental Health and Biomolecular Research 
(CCEHBR) NOSINOAA, Harbor Branch Oceanographic Institute, HUBBS Seaworld, 
Mote Marine Laboratory, University of North Carolina Wilmington, and Cape Cod 
Stranding Network have collected liver and heart samples from pygmy sperm whales, 
which have been donated for use in this project. Since 1998, the National Marine 
MamInal Tissue Bank has banked liver samples that were collected according to NISTIR 
6279 (Becker et aI., 1999) frOITI 30 individual animals. Samples have been collected 
from animals that have stranded in Massachusetts, Virginia, North Carolina, South 
Carolina, Georgia, and Florida Atlantic and Gulf of Mexico coasts. Necropsy reports 
have been reviewed on all animals and data has been integrated into chen1ical analyses. 
Table 1 summarizes samples collected to date and detailed individual animal life history 
data can be found in Appendix B (Table 1). Animals ranged in age from 0 years to 21 
years and total length from 97 em to 329 cm. All fresh frozen liver and heart samples 
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were cryogenicall y homogenized using cryogenic procedures developed by Zeisler et aI. 
and Pugh et aI. for use in chemical analyses (Zeisler et aI., 1983; Pugh et aI., 2007). 
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Table 1. Pygmy sperm whale sample collection summary as a function of tissue type, 
age class, and gender. 
Liver Heart Heart 
fresh frozen fresh frozen histology 
Adult (> 270 cm) 
Female 22 7 12 
Male 25 3 19 
Subadult (200-270 em) 
Female 1 0 0 
Male 2 0 1 
Calf « 200 cm) 
Female 3 1 2 
Male 6 0 2 
Unidentified* 3 0 0 
Total Samples 62 11 36 
* Sex or age class not known. 
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Assigning Heart Stage Case Definitions 
A heart scoring systelTI was developed based on criteria put forth by Bossart et al. 
(2007) and Dallas criteria (Aretz, 1987) to classify stage of heart disease in pygmy sperm 
whales. This was the basis used to assign heart disease stage to animals in this study. 
Criteria in the scoring system included histological features and gross morphology 
observations of heart size and heart chamber wall thickness and consistency. Hearts 
received a score ranging from no apparent signs of heart disease to end stage of 
cardiomyopathy. These scores were binned into three heart disease stage categories, 
which included no pathological findings, myocardial degeneration, and cardiomyopathy, 
for the purpose of statistical analyses. The heart disease stages were then related to all of 
the information gained as a result of the collective efforts of stranding networks, 
biologists, veterinarians, and chemists working on the project. Life history data was 
gathered and evaluated along with assigning stage of cardiomyopathy progression 
through histopathological evaluation in order to relate them to one another and put this 
information into the context of trace element chemistries and protein oxidation pathways 
in Chapters 2 and 3. 
No Pathological Findings (NPF) 
Cardiac muscle cells exhibit cross striations running across the cell at right angles 
to their long axes. Each cell is a separate cellular unit connected end to end to each other 
by intercalated disks for use in rhythmic contraction. Cells should be elongated and 
branched without gaps between cells that run parallel to each other, and connective tissue 
should not be visible between cells, Myocyte cells have a single nucleus that is located in 
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the center of the cell, and nuclei among cells are uniform in shape and size as shown in 
Figures 3 and 5. 
Myocardial Degeneration (MCD) 
Myocardial degeneration is a precursory stage to the development of 
cardiomyopathy. Cardiac tissue changes are not usually observed from gross pathology, 
but become apparent from histology. Microscopic lesions are observed variably across 
sections. Mild~ multifocal, or diffuse anisokaryosis with karyomegaly, nuclear rowing, 
and interstitial edema are found across all sections (Bossart et aI., 2007). Edema is 
expected in early stages of heart disease given that edema can occur in cardiac tissue on 
the order of hours. Mild, multifocal, or diffuse vacuolization, myofiber disarray 
(architectural disorganization), wavy-attenuated fibers, and/or loss of cross-striations are 
found in sonle sections. Fibrosis and inflammation are absent (Bossart et aI., 2007). 
Fibrosis is not expected until later stages of heart disease since it can take from weeks to 
months for collagen deposition in cardiac tissue. Figures 4, 6, 7, 8, and 9 illustrate 
histological features that are associated with MCD. 
Cardiomyopathy (eMP) 
Cardiomyopathy is the chronic stage that follows persistent or severe myocardial 
injury. Grossly generalized myocardial pallor, thickened left ventricle walls, and dilated, 
thinned, flabby right ventricle walls (Figure 2) are observed along with hepatic 
congestion. Microscopic lesions are observed uniformly in all sections. The cardiac 
tissue changes include moderate to severe vacuolization, loss of cross-striations, 
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interstitial edema and fibrosis, anisokaryosis with karyomegaly, nuclear rowing, myofiber 
disarray (architectural disorganization), and wavy attenuated myofibers across all 
sections. These microscopic features are noted in Figures 4, 6, 7, 8, and 9. 
Assigning Heart Disease Stage to Pygmy Sperm Whales 
Tissues for histology preparation were sent to AFIP and University of Tennessee 
when they were collected at an animal necropsy. Histology slides for each animal case 
that was part of this study were evaluated independently by Gregory D. Bossart, 
veterinary pathologist, and assigned a heart score without knowledge of life history or 
chemical analyses data. Additional microscopic images that point out histological 
features in individual animal heart tissue slides that were identified as having NPF, MCD, 
or CMP are located in Appendix B. Figure 10 summarizes heart scores for 36 animals 
that sufficient heart histology material was available and individual animal heart scores 
are given in Appendix B (Table 1). Myocardial degeneration and CMP was more 
prevalent in males than females and in adults than younger age classes. Myocarditis and 
dilated cardiomyopathy affected sea otters were found to have an even disease 
distribution among males and females (Kreuder et aI., 2005). In human epidemiological 
studies, cardiac disease usually presented in human adulthood, men are 2-3 times more 
likely than females to develop dilated cardiomyopathy, and men were affected 1-1.5 

























Figure 10. Age class summary of pygmy sperm whale heart disease scores; NPF, no 
pathological findings; MCD, myocardial degeneration; CMP, cardiomyopathy. Only 
adults exhibited MCD and CMP. 
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Factors that can Induce CMP 
Factors thought to induce cardiomyopathy include genetics, infectious agents, 
chemical toxins, biotoxins, and nutritional abnormalities. The onset of cardiomyopathy 
in pygmy sperm whales is currently idiopathic. Etiology of cardiomyopathy has been 
well characterized in domestic and laboratory animal models and is often associated with 
distinct pathogenic mechanisms. A brief summary of possible factors that could be 
affecting onset of cardiomyopathy in pygmy sperm whales is summarized below. 
Genetics 
The genetic mutations for cardiomyopathy are most commonly transmitted in an 
autosomal dominant pattern (Towbin and Bowles, 2002). Mutations in genes encoding 
for sarcomeric, cytoskeletal, and contractile proteins are found to cause hypertrophic and 
dilated cardiomyopathy (Seidman et aI., 1992; Bos et aI., 2009; Hershberger et aI., 2009). 
Genetic mutations responsible for hypertrophic cardiomyopathy have been identified in 
dornestic cats (Ferasin, 2009). Gene6c screening for an individual's predisposition to a 
genetic mutation that could lead to cardiomyopathy has become available in recent years 
(Bos et a1., 2009), but is highly controversial since the disease could originate from a 
different genetic mutation or factor. 
Biotoxins 
Domoic acid is a marine biotoxin that is produced by Pseudonitzschia australis, 
an algal diatom. Prolonged domoic acid exposure in sea otters is an important cause of 
n1yocarditis, which can progress to dilated cardiomyopathy (Kreuder et aI., 2005). 
-26-
California sea lions that were intoxicated with domoic acid through the vector prey item 
the Northern anchovy (Engraulis n'lordax) were found to have myocardial lesions with 
necrosis and fibrosis (Silvagni et aI., 2005). In a recent study, domoic acid was reported 
for the first time in K. hreviceps and deleterious effects of toxin exposure in this species 
in currently unknown (Fire et aI., 2009). There is some overlap of animals in this study 
with those included in the domoic acid study in which data generated between the two 
studies could eventually be compared. 
b1fectious Agents 
Viruses such as enterovirus (Coxsackievirus), adenovirus, hepatitis C, and 
parvovirus have been implicated in cardiomyopathy in humans and studied in murine 
models (Martino et aI., 1994; Cooper et aI., 2006; Yajima and Knowlton, 2009). 
Parvovirus and adenovirus have been identified as pathogens in marine wildlife (Kreuder 
et aI., 2005). Virus-induced cardiomyopathy occurs in distinct phases. In the first phase, 
the virus initially infects and active replication begins of the live virus in cardiomyocytes. 
Next, the body mounts an immune response leading to destruction of virus infected 
cardiornyocytes and inflalnrnatioll. Finally, destroyed cardiomyocytes are replaced with 
fibrosis and cardiac failure may be observed (Andreoletti et aI., 2009; Yajima and 
Knowlton, 2009). Viral infections that cause cardiomyopathy are complicated since they 
can be present in the myocardium in the absence of histological changes that would 
indicate disease onset (Baughman, 2006). Cardiotropic viruses can be detected by in situ 
hybridization and various types of polymerase chain reactions (Cooper et aI., 2006). 
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Dietary Intake 
Deficiencies in Se and vitamins, excess Hg intake, and oxidative stress have all 
been associated with the development and progression of cardiomyopathy. This study 
focuses on trace element and free radical nutritional abnormalities which could induce 
cardiomyopathy through diet intake and restrictions by indirectly studying the 
lnercury/selenium detoxification pathway and its relationship with oxidants in liver. 
Trace Elenlents (Mercury (Hg) and Seleniu111 (Se)) Mercury promotes free 
radical formation and has a very high affinity for thiol group, which could lead to 
oxidative stress and lipid peroxidation. These effects could result in an adverse impact of 
Hg on the risk of cardiornyopathy. A population study of men from eastern Finland 
found highHg exposure is associated with increased risk cardiovascular disease 
(Virtanen et aI., 2005). Grossly elevated Hg levels have been observed in the myocardial 
tissue of patients suffering from idiopathic dilated cardiomyopathy relative to a control 
group of patients with valvular andlor ischemic heart disease (Frustaci et aI., 1999). 
Pathogenesis of viral cardiomyopathy could be onset by excess Hg weakening the 
lIlliTlUne system or by viral machinery depleting Se in the host by use in viral replication 
(Cooper et aI., 2007). Selenium deficiency has been clearly linked with inducing 
cardiomyopathy given that Se is needed to form selena-amino acids that are part of 
selenium-dependent proteins. Keshan disease is a cardiomyopathy found in a geographic 
area of China that possesses very low soil Se, which consequently leads to a Se deficient 
diet. Oral Se supplement treatment given to people in these Chinese areas has lead to 
virtual elimination of Keshan disease (Xia et aI., 1989~ Foster and Sumar, 1997). Patients 
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on a ketogenic diet to treat intractable epilepsy are Se deficient and are at greater risk for 
developing cardiomyopathy (Bergqvist et aI., 2003). SeleniulTI deficiency and increased 
incidence of cardiomyopathy has also been observed in some patients that have 
undergone intestinal bypass surgery resulting in intestinal lnalabsorption of Se. 
Pro-oxidants Cardiomyopathy research has shown that oxidative imbalance is 
correlated to onset and progression of this disease state. In animal models, 
cardiomyopathy is connected to evidence of myocardia] injury and alteration in 
antioxidant defense mechanisms (Freeman et aI., 1998; Freeman et aI., 1999; Mak and 
Newton, 2001 ~ Kannan et aI., 2004; Ichihara et aI., 2006). Patients with cardiomyopathy 
are found to have increased oxidants and decreased antioxidants leaving them in a state of 
oxidative stress (Demirbag et aI., 2005). 
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MERCURY AND SELENIUM IN THE ENVIRONMENT, UPTAKE, AND 
ME1'ABOLISM 
Mercury is a non-essential trace element that occurs naturally and as a result of 
man's expanding anthropogenic activities. The most significant anthropogenic sources of 
l-Ig are mining, fossil fuel combustion (coal power plants, plastic production), processes 
in paper manufacturing, chlor-alkali plants, and municipal waste incineration. Mercury is 
released during some natural processes, such as volcanic activity and other geologic 
events, leaving various areas of the world with high mercury background levels. The 
prirnary sources of trace elements to the marine environment are river run-off, 
atJnospheric deposition, and hydrothermal venting (Chester and Murphy, 1990). Mercury 
is very volatile and can aerosolize quickly into the atmosphere. Wet and dry deposits 
bring Hg back to the earth's surface as a reactive form associated with particulate matter. 
Mercury is not homogenous in the environment and can vary regionally, temporally, and 
seasonally (Das et aI., 2003). Elevated levels of Hg in the marine environment raise 
concern for not only the detrimental effects on coastal resources, but also how 
environmental contamination will impact humans and wildlife that utilize these resources 
(O'Connor, 2002). 
Methyl Hg is the most common toxic chemical form of Hg observed in biota. 
Inorganic Hg is methylated by microorganisms in sediment and soil into a bioavailable 
fonn which is quickly taken up by marine organisms. This process occurs with high 
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efficiency along many coastal regions that are rich in marshes and mangroves. Methyl 
Hg is easily absorbed by the gastrointestinal tract and is passed quickly up the marine 
food chain bioaccumulating and biomagnifying by several orders of magnitude. Thus, 
even a small increase in water concentrations can lead to disproportionately high levels in 
fish and wildlife. Mercury is known to have toxic effects at low concentrations and is 
detectable in most tissues sampled. It acts as a neurotoxin, nephrotoxin, immunotoxin, 
and mutagen. Methyl Hg passes across the placenta affecting growth and development of 
the fetus and can cross the blood-brain barrier. Mercury has becoll1e the most significant 
driver of fish consumption advisories, which target pregnant women and children due 
these groups being at the highest risk for mercury's toxic effects. Mercury contamination 
of food webs raised international concern after incidents in Minamata Bay, Japan and 
Iraq. In Minalnata Bay, people were poisoned and some died from indirect Hg poisoning 
through the release of Hg catalysts at an acetaldehyde plant (Kudo et al., 1998). Farmers 
in Iraq were poisoned from an incident in the 1970' s where an organomercury fungicide 
contaminated grain (Al-Tikriti and AI-Mufti, 1976). 
Classic toxic elements, such as arsenic, cadmium, mercury, and lead, have been 
widely studied due to their direct potential risks to human health, while essential trace 
elements such as Se have not received as much research effort historically outside of the 
clinical realm. Selenium is an essential trace element that is found naturally in coal, 
crude oil, and oil shale. It is taken up easily in soil by plants and mobilized by humans 
through procurement, processing, and combustion of fossil fuels (Lemly, ] 996). Plants 
require Se to grow and in areas where soil is Se deficient farmers use Se enriched water 
to irrigate. Like Hg, Se is known to bioaccumulate and biomagnify up aquatic food 
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chains. Selenium is acquired through diet in inorganic (selenate, selenite) and organic 
(selenocysteine, selenomethionine) bioavailable forms. Dietary absorption of Se is very 
high (50-90%) and is dependent on chemical form. Selenium-enriched supplements and 
nutraceutical products are common in the marketplace, where Se is often marketed as a 
cherno preventative. As a member of group 16 on the periodic table, Se containing 
compounds are better nucleophiles than analogous sulfur containing compounds (Artee] 
and Sies, 2001). Selenium is incorporated into many enzymes and proteins such as 
glutathione peroxidases, thioredoxin reductase, and selenoprotein P, N, and W. The liver 
is the predominant site of selena-amino acid formation, selenoprotein synthesis, and 
excretion (Whanger, 1998~ Behne and Kyriakopoulos, 2001). Selenocysteine (SeCys) 
and selenomethionine (SeMeth) are the two amino acids that are incorporated into 
selenoproteins. The UGA codon codes for the incorporation of a selenocysteine amino 
acid into a protein and selenocysteine containing proteins have been functionally 
identified. Incorporation of selenomethionine into proteins is non-specific and functions 
of selenomethionine containing proteins are not well understood (Behne and 
Kyriakopoulos,2001). Selenoprotein enzymes are unlike most enzymes that can be 
recycled. Each time a Se enzyme is used it must be broken down and synthesized all 
over again (Figure 11A). 
Liver is the target organ where Se chemistries are managed and where Hg 
detoxification occurs. The SefI-Ig sequestration chemistries can indirectly provide an 
indication of oxidative status and contaminant stress in organisms. Currently, the 
relationship between these chelnistries and cardiomyopathy is unknown making them an 
emphasis of this study. The detoxification pathway of Hg in the liver is well understood. 
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Methyl Hg is demethylated to release inorganic Hg that can then sequester Se. The Se-
Hg bond is stronger than the bond Se can form with sulfur. Selenium binds Hg strongly 
due to the low solubility product constant of mercury selenide (Ksp = lXlO-59 at 298K) 
(Hankare et aI., 2001) making the Se less bioavailable for various biochemical processes 
including selenium antioxidant chemistries and selenoprotein formation (Figure 11 B). 
Selenoprotein P may be up-regulated when Hg is present to complex to Hg and Se. In 
vitro assays have shown that the Se-Hg complex binds to imidazolyl and selenol groups 
on selenoprotein P (Suzuki et aI., 1998). Once in mercuric selenide crystal form~ Se and 
Hg that are bound together cannot be mobilized and are stored in the liver. Figure 12 
shows a picture of mercuric selenide crystals in a Risso's dolphin (Granlpus griseus) 
liver. Similar SelHg chemistries are expected in pygmy sperm whales. Inorganic Hg 
inhibits selenium-dependent glutathione peroxidase activity, especially when Se 
availability is low. This has been studied in a rat model where specimens were injected 
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Figure 11. A. Proposed pathway of selenium uptake and synthesis. B. Proposed 
mechanism of selenium-dependent protection against methylmercury toxicity (modified 
from (Chen et aI., 2006) and (Ralston et aI., 2005)). 
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c 
Figure 12. Photomicrograph of HgSe granules in the liver of a Risso's dolphin (Grampus 




Free radicals and pro-oxidants are highly reactive species since they contain one 
or more unpaired valence electrons not contributing to intramolecular bonding. They are 
easily oxidized, which can cause damage to cells. Removal of hydrogen from a molecule 
often initiates free radical chain reactions (Halliwell, 1994). Reactive oxygen species 
(ROSs), such as hydroxyl radicals, superoxide, hydrogen peroxide, and organic 
hydroperoxides, contain oxygen in an unstable state with unpaired valence electrons. 
Contaminants can be biotransformed once in a biological system into oxidative forms that 
rnake them reactive and no longer biologically inert (McKinney et aI., 2006). 
Antioxidants, such as Se, glutathione (GSH) and glutathione peroxidase (GPx), 
are present to deal with the const.ant production of free radicals. Selenium and GSH are 
considered to act as a system in antioxidant defense by which they work at the level of 
interception of pro-oxidants CArteel and Sies, 200 1). GSH is involved in amino acid 
transport and aids in maintaining protein sulfhydryl reduction. GSH also works in 
reducing other antioxidants from their oxidized state CArteel and Sies, 200 1). GPx is a 
seleniulll containing enzyme that catalyzes the reduction of hydrogen peroxide and 
hydroperoxides (Behne and Kyriakopoulos, 2001). During the reduction of 
hydroperoxides, GSH is an essential electron donor to GPx. GSSG, a disulfide dimer, is 
produced when GSH is oxidized. Playing another role, GSH is a tripeptide that serves as 
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a nucleophilic co-substrate to glutathione transferase in xenobiotic detoxification (Baillie 
and Slatter, 1991). Selenoproteins other than GPx can also act in antioxidant defense 
including selenoprotein P, which is a glycoprotein that can contain as many as 10 
selenocysteine residues, and thioredoxin reductase, which is a homodimeric f1avoenzyme 
that contains one selenocysteine residue. 
When an imbalance exists between antioxidants and oxidants favoring oxidants, 
an organism or cell is considered to be in a state of oxidative stress (Sies, 1986). 
Organisms or cells that are in a state of oxidative stress may have impaired protein 
functions, damaged DNA, and damaged membrane lipids. Oxidative stress and free 
radical damage have been implicated in the process of aging and in several diseases such 
as cardiovascular diseases, cancer, and int1ammatory diseases (Stadtman, 1992; Ames et 
aI., 1993). In this study, non-specific and specific oxidation assays were performed to 
integrate oxidative damage in liver tissue as a function of disease state. 
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MERCURY, SELENIUM, AND OXIDATIVE STRESS IN MARINE MAMMALS 
~1arine mammals have been exposed to Hg and Se long before anthropogenic 
inputs, which is evident from marine sediment cores. In some areas such as the 
Mediterranean, natural mercury background levels are greater than anthropogenic sources 
(Das et aI., 2003). Increased human activity in recent decades has accelerated the input 
of Hg into the marine environment resulting in higher Hg concentration levels in marine 
food chains. 'There are three main routes by which Hg and Se enter into marine 
mammals: placental transfer, milk from nursing, and food (Law, 1996). Research 
conducted by the National Institute of Standards and Technology Charleston Laboratory 
indicates that dietary exposure froIn ingestion of prey is a greater source of Hg exposure 
than milk or placental transfer (Bryan et aI., 2005). Other more negligible routes are 
through inhalation and diffusion across the skin barrier. Marine mammals have long life 
spans like humans, which allow them to accumulate high concentrations of chemical 
compounds and heavy metals in their tissues. Decreases in son1e marine mammal 
populations and increases in the number and frequency of unusual mortality events have 
raised concern about the role of environmental pollutants and their potential impact on 
animal health. 
Wild marine mammal populations are difficult to study since they cannot be 
subjected to controlled expeliments because of logistical, political, and legal constraints 
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(O'Hara and O'Shea, 2001). Single measurements on individuals and obtaining samples 
from stranded animals with compromised health also make it difficult to interpret, 
predict, and extrapolate toxic effects. A few early experiments were done on captive 
seals fed with methyl mercury or organic contaminants. Captive harp seals (Phoca 
vitulina) were given daily oral doses of methyl mercuric chloride at two concentration 
levels. Animals exhibited loss of appetite and weight and higher dose level animals died 
a few weeks into the experiment due to toxic hepatitis, uremia, and renal failure (Ronald 
et aI., 1977). No reported parallel studies have been done on cetaceans or with any other 
trace elements. Mercury levels vary greatly within a population and between species of 
cetaceans. l'his is mainly due to dietary differences and age-accumulation trends. 
Odontocetes (toothed whales) have been found to have some of the highest 
concentrations of lIg in liver since they feed at higher trophic levels than mysticetes, 
which have diets several trophic levels lower (Thompson, 1990). Honda et a1. found in 
striped dolphin strong positive correlations between mercury accumulation in liver and 
age (Honda et aI., 1983). A good number of studies have targeted the liver where Hg is 
found in the highest concentrations. In most marine mammal studies only the total Hg 
concentrations have been determined, but the more toxic methyl Hg fraction has been left 
undermined. Even though total Hg is extremely high in the liver, the methyl Hg fraction 
is generally low since the liver is the organ where Hg is demethlyated and stored (Meador 
et aI., 1999; Das et aI., 2003). 
Marine mammal trace element research mainly focuses on the burden and 
distribution of the trace element in a tissue, but it does not relate how the concentration 
affects the tissue's pathology or the animal's overall health. Unlike their prey items, 
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marine mamnlals are more of a closed system and are not able to excrete mercury via the 
blood passing through gills to the surrounding water environment. They have fewer 
outlets for Hg excretion. This has led to the development of mechanisms to control 
internal concentrations or detoxify and store toxic elements in an inert form through 
sequestration chemistries. Becker et al. found in beluga (Delphinapterus leucas) livers 
and Meador et al. found in bottlenose dolphin (Tursiops truncatus) livers that Hg and Se 
were present in a one to one molar ratio, and Hg:Se ratios are commonly reported for 
marine mammals, but these data alone cannot be directly related to biochemical function 
(Koeman et aI., 1973; Meador et aI., 1999; Becker, 2000). That is why this study will 
focus on chemical speciation, metabolic profiling, and protein oxidation chemistries to 
better understand the role that sequestering chemistry plays in cardiomyopathy. 
Marine mammals acquire Se through a diet consisting mainly of fish, squid, and 
crustaceans. Most Se research in marine mammals has focused on the protective effect it 
has when bound to Hg (Das et aI., 2003). In the final stages of the detoxification process, 
selenium binds with mercury to fornl mercuric selenide, which is inert (Figure 12). This 
process along with the availability of Se allows marine mammals to tolerate extremely 
high levels of Hg and Se. In other mammals, Se has known toxicity at high 
concentrations and also causes negative effects when it is deficient (Lemly, 1996). The 
balance of Se and Hg rather than their concentrations may be more important to marine 
mammal health (Das et aI., 2003). This implies that the fraction of bioavailable Se that 
can participate in selenoprotein synthesis and antioxidant pathways is an important area 
to address since marine mammal research currently fails to look beyond trace element 
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toxicity and lacks information on the role of Se speciation in association with disease 
progressIon. 
Marine mammals can be subjected to oxidative stress due to exposure to 
environmental contaminants and through diets that are high in compounds that are easily 
oxidized such as PUFAs. Polybrominated diphenyl ethers (PBDEs) and polychlorinated 
biphenyls (PCBs) are known organic contaminants found in marine mammals. 
Biotransformation of PBDEs and PCBs has been studied in beluga whale hepatic cells. 
Results showed that these contaminants are transformed into oxidative forms that can be 
potentially toxic (McKinney et aI., 2006). Captive bottlenose dolphins have been fed a 
high fat fish diet and a low fat fish diet. The animals fed a high fat diet resulted in serum 
lipid peroxide levels being significantly higher than those fed the lower fat diet 
(Kasamatsu et aI., 2001). Few studies can be found on oxidative stress in marine 
mammal species emphasizing the need for further research in this area. The cOlnbination 
of diet and the demanding heart physiology of pygmy sperm whales may make this 
species unique from an oxidative stress standpoint as compared to other cetaceans. This 
study will integrate pygmy sperm whale life history information and stage of 
cardiolnyopathy, determined from gross pathology and histology, into Se, Hg, oxidation, 
and protein data to aid in gaining insight on how these factors relate to disease state. 
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• Compile and evaluate all available individual animal data and samples for use in 
phenotyping cardiomyopathy in stranded pygmy spenn whales 
• Detennine total selenium, total mercury, and methyllnercury concentrations and 
relate concentrations to age class, gender, and heart disease stage. 
• Examine protein oxidation status in relationship to progression of cardiomyopathy 
in pygn1y sperm whales 
• Identify selenium proteins and examine their profiles in pygmy sperm whales 
exhibiting various stages of heart disease. 
CHAPTER 2 
RELATIONSIDP BETWEEN MERCURY, SELENIUM, PROTEIN 
OXIDATION, AND CARDIOMYOPATHY IN PYGMY SPERM 
WHALES 
INTRODUCTION 
In recent years, the number of marine mammal unusual mortality events has 
increased, while little is still understood as to the cause of these events. Trace element 
concentrations have been well documented in nlarine mammal species that have strong 
interactions with humans through sharing coastal water habitats, subsistence hunting, or 
being caught as fisheries by·-catch, while little is known about pelagic pygmy sperm 
whales (K-ogia hreviceps) that rarely have interactions with humans until stranding. 
During 2003, an increased number of pygmy sperm whales stranded along the 
southeastern coasts of the United States and renewed interest in understanding health 
problems associated with the species. Previous research has indicated that a large 
percentage of pygmy sperm whales that strand show signs of cardiac degradation and 
cardiomyopathy (Bossart et aI., 1985; Bossart et aI., 2007). Many factors may contribute 
to the development of idiopathic cardiomyopathy in K. breviceps, including genetics, 
infectious agents, chemical toxins, biotoxins, contaminants, and nutritional abnormahties. 
This study focuses on dietary and contaminant uptake factors involving seleniunl 
(Se) and mercury (Rg) chemistries, along with protein oxidative stress, which may 
contribute to cardiomyopathy onset and progression. Nutritional deficiencies of Se, 
accumulation of Rg, and imbalance of oxidants have been shown in humans, mice, 
hamsters, cattle, and dogs to play roles in the development and progression of 
cardionlyopathy (Kennedy et aI., 1987; Zhang et aI., 1997; Bartfay et aI., 1998; Freeman 
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et aI., 1998~ Freeman et aI., 1999; Hara et aI., 2001 ~ Kannan et aI., 2004~ Ichihara et aI., 
2006). Humans that suffer from Keshan disease or are on a ketogenic diet to treat 
intractable epilepsy are nutritionally deficient in Se and either experience 
cardiomyopathy or are at greater risk for heart disease development (Xia et aI., 1989; 
Foster and Sumar, 1997; Bergqvist et aI., 2003). Frustaci et al. (1999) observed that 
patients with idiopathic dilated cardiomyopathy had significant increases (> 10,000 times) 
in Hg in myocardial tissue. Some peer reviewers have questioned that perhaps the data in 
Frustaci et ai. (1999) is confounded in human patients with Hg based amalgam dental 
fillings that could produce high Hg concentrations in myocardial tissue (Frustaci et aI., 
2000; Lorscheider and Vimy, 2000). Mercury needs to be measured in heart tissue of 
additional species to determine whether high Hg concentrations are found concurrently 
with cardiomyopathy or as a result of outside confounding factors. A rat model, where 
specimens were injected with methyl Hg (MeHg) along with being fed either a low Se 
diet or a Se enriched diet, sho\ved that inorganic Hg (iHg) inhibits selenium-dependent 
glutathione peroxidase (GPx) activity (Zhang et aI., 1997). Selenium binds strongly to 
Hg and has a greater affinity for Hg than sulfur due to a low solubility product constant 
(Ksp = 1 X 10-59 at 298 K). Selenium is involved in Hg detoxification pathways. Methyl 
Hg is demethylated to iHg that can bind with elemental Se to form Hg-Se crystals, which 
are stored in the liver and cannot be mobilized. Presence of high concentrations of Hg 
could be binding free Se, limiting Se bioavailability for selenoproteinlselenoenzyme 
synthesis, and restricting the ability of Se to act in antioxidant biochemistry. 
Cardiomyopathy research has shown that oxidative imbalance is correlated to 
onset and progression of this disease state. Studies in mice and hamster have shown that 
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cardiomyopathy can be induced by oxidative stress (Kannan et aI., 2004; Ichihara et aI., 
2006). Kennedy et aI. demonstrated that when dietary polyunsaturated fatty acids 
(PUFAs), which are prone to oxidation due to multiple double bonds, were administered 
to Se depleted calves, the animals exhibited myocardial lesions with preferential 
involvement of the left ventricular myocardium (Kennedy et aI., 1987). Glutathione 
peroxidase, a selenoenzyme, is often used as specific marker in blood and cells to 
examine oxidative stress. Dogs with idiopathic dilated cardiomyopathy exhibited GPx 
levels in blood that were significantly increased compared to control animals (Freeman et 
aI., 1998; Freeman et aI., 1999). A specific aim of this project is to study oxidative stress 
in pygmy sperm whales. General protein oxidation and more specifically glutathione 
CGSH) oxidation will be characterized to determine if there is a relationship between 
degree of oxidative stress in pygmy sperm whales and progression of cardiomyopathy. 
GSH acts as an antioxidant in aerobic cells and as a substrate for several enzymes 
including GPx. Glutathione disulfide (GSSG) is reduced by glutathione reductase to 
form two molecules of GSH. Glutathione disulfide exists mainly in biological systems 
due to GSH constantly being oxidized. Glutathione plays an important in xenobiotic 
detoxification (Baillie and Slatter, 1991). 
Cycling and accumulation of trace element contaminants in the marine 
environment are a concern, especially when they are incorporated and magnified in the 
food chain. Trace elements may be categorized as essential (e.g. Se) or non-essential 
(e.g. Hg). Essential trace elements are part of protein complexes and are required for 
enzymatic activities. Non-essential trace elements are considered toxic and are not 
required for physiological processes. Increased human activity in recent decades has 
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accelerated inputs of Hg into the marine environment resulting in larger amounts entering 
marine food chains. Through the processes of biomagnification and bioaccumulation, 
marine mammals concentrate trace elements at higher levels than they occur in their 
surrounding environment. A small increase in environmental trace element 
concentrations can lead to significant impacts on marine mammals (Bustamante et aI., 
2003). Marine man1mals may be key sentinel species for environmental health since they 
are long-lived, top-predators that utilize many of the same ocean resources as humans 
(\\lells et at, 2004; Bossart, 2006). Pygmy sperm whales could serve as an indicator 
species to better understand how trace elements and pro-oxidants can playa role in 
cardiomyopathy in a species that lives in a complex ecosystem and suffers from a disease 
that is also prevalent in humans. 
Pygmy sperm whales are pelagic odontocetes that feed at higher trophic levels 
than IYlysticetes and other marine organisms lower in the food chain, vvhich allows metals 
to be easily transfeIred in the food web to K. breviceps. Pyglny sperm whales primarily 
consume a cephalopod diet that is high in PDF As and free radicals, and accumulate 
essential and non-essential trace elements. Stomach contents of pygmy sperm whales 
have revealed their main prey items are squid in the family Histioteuthidae, which are 
predatory squid that concentrate Hg and other contaminants in the food chain 
(Bustamante et aI., 2006; Santos et aI., 2006; Manso et aI., 2007). It is uncertain if the 
restrictive diet of K. breviceps is playing a role in the development and progression of 
cardiorDyopathy by requiring an excess in antioxidants, while simultaneously adding 
large enough doses of Hg that can contribute to oxidative damage and affect Se 
biochemistry response. The goal of this research was to measure trace elements and 
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protein oxidation in pygmy sperm whales and to evaluate the data in the context of 
animal life history and cardiac disease stage. 
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MATERIALS AND METHODS 
Study Population 
Pygrny sperm whale samples were collected from animals that stranded from 
1993-2007 along the United States Atlantic and Gulf of Mexico coasts. Pygmy sperm 
whales usually strand alive, either individually or in mother-calf pairs, and are 
subsequently euthanized due to poor success with rehabilitation (Manire et aI., 2004). All 
aninlals that are part of this study were either euthanized or freshly dead in order to 
minilnize postnl0rtern degradation of sanlples. Since 1998, the National Institute of 
Standards and l'echnology (NIST) has been provided with liver, kidney, and blubber 
tissue from individual K.hreviceps for specinlen banking in the National Marine T\1amlnal 
Tissue Bank (NMM'fB) by field collectors that trained to collect samples according to 
NISTIR 6279 for the bank (Becker et aI., 1999). Additional heart and liver samples were 
collected and donated for use in this project by the Center for Coastal Environmental 
Health and Bionlo1ecular Research (CCEHBR) NOSfNOAA, Charleston, SC. The 
following institutions had collaborating field collectors that provided K. hreviceps 
samples: (=(~EHBIUNOSfNOAA, Charleston, SC; University of North Carolina 
Wilmington, Wilmington, NC; Hubbs-Seaworld Research Institute, Orlando, FL~ Mote 
I\1arine Laboratory, Sarasota, FL; (~ape Cod Stranding Network, Woods Hole, MA; and 
Georgia Department of Natural Resources, Brunswick, GA. Individual animal life 
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history and gross pathology data for this project was generated by the collaborating 
institutions and communicated in the form of necropsy reports. The reports were used in 
conjunction with histological examination of heart tissue to identify and categorize stage 
of cardiomyopathy progression in each animal for use in investigating specific research 
hypotheses. 
Sample Collection 
Fresh frozen Ii ver samples obtained from the NMMTB were collected and 
processed during anirrlal necropsies according to NISTIR 6279, placed in 200 mL 
polytetrafluoroethylene (PTFE) jars (Savillex, Minnetonka, MN), and stored long term in 
the specimen bank under cryogenic conditions (approximately -150°C). Fresh frozen 
left ventricle heart and Ii ver tissue samples collected at necropsies and donated by 
CCEI1BR/NOS/NOS were placed in 50 mL polypropylene centrifuge tubes and stored 
long term at -80 °C. Heart tissue was collected at necropsies from some individual 
animals for histology. Fresh heart tissue was placed in histology cassettes, fixed in 10 % 
neutral buffered formalin, and sent to the U.S. Armed Force Institute of Pathology 
(AFIP), University of 1~ennessee, or the Medical University of South Carolina (MUSe) 
for paraffin embedding, sectioning to 5 J1,ffi, slide preparation, and staining. 
Sample Preparation 
The cryogenic homogenization and analyticallnethods associated with this study 
make use of highly acidic, caustic, and toxic chemicals; liquid nitrogen (LN2), and 
biohazard materials that require use of personal protective equipment~ appropriate safety 
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protocols were followed. Fresh frozen tissue was cryogenically homogenized to produce 
a uniform sample composition of fresh frozen powder for analysis. Liver salnples from 
the NMMTB, which typically ranged fronl 25 g to 175 g, were homogenized in class 100 
clean room conditions at NIST, Charleston, SC using cryogenic procedures developed by 
Zeisler et al. and Pugh et al. (1983; 2007). Tissue homogenate samples were aliquotted 
into 15 mL, PTFE jars (Savillex, Minnetonka, MN) for storage under cryogenic 
conditions (approximately -150°C) until analysis. Left ventricle heart and liver tissue 
satnples donated by CCEHBRINOS/NOS were cryogenically homogenized using a 
bench-top 6850 Freezer/Mill (SPEX SamplePrep, Metuchen, NJ). Tissue samples were 
cut while frozen into small pieces on a PTFE cutting board using a clean set of stainless 
steel forceps, sterile blade~ and plastic scalpel handle for each sample. The instruments 
used for tissue dissection ""ere cleaned using high purity deionized water (resistivity 
= 18MQ--cm) and methanol certified for trace metal analysis (Burdick and Jackson, 
~1uskegon, :NIl). Pieces from each sample were placed in a liquid nitrogen (LN2) chilled 
6751 Vial with a stainless steel impactor (SPEX SamplePrep) and capped. Vials were 
placed in the mill, submerged in LN2, and shaken at 10Hz for 3 min. Homogenized 
powder was transfeITed into 15 mL sterile polypropylene jars (Nalge Nunc International, 
Rochester, NY) and stored at -80°C until analysis. 
Acid-assisted microwave digestion using PTFE pressurized vessels was utilized to 
decompose liver and heart tissue samples prior to performing inductively coupled plasma 
mass spectrometry (ICP-MS) analyses of total Se. Approxirnately 0.6 g of tissue and 1 g 
of internal standard (niobium (Nb), ruthenium (Ru)) were digested with 4 mL high purity 
nitric acid (HN03) (Fisher Scientific, Suwanee, GA) HN03 and 1 mL high purity 
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hydrogen peroxide (30%) (H20 2) (Fluka, Sigma-Aldrich, St. Louis, MO). Microwave 
digestion was carried out in a Mars Xpress microwave (CEM Corporation, Matthews, 
NC) using the following program: 1200 watts of power; 25 min ramp to 210°C; and 10 
min hold at 210°C. After microwave digestion, the digest was transferred to acid-
washed polypropylene bottle, diluted using high-purity deionized water to 100 g, and 1 % 
butyl alcohol (EM Science, Gibbstown, NJ) was added. Butanol was added to reduce the 
matrix effects by elevating the carbon in all matrices which minimizes variable, sample-
to-sample ionization effects especially for arsenic (As) and Se (Featherstone et aI., 2004). 
Approximately 25 mg of tissue were weighed directly in a nickel weigh boat and 
weighed for total Hg (iHg) nleasurements. Sample preparation methods for MeHg and 
iHg were described in detail by Davis et al. (Davis et al., 2007) and in NIST ROA 
839.01-09-201 CfJavis et aI., 2009). For MeHg Ineasurenlents, aliquots of approximately 
0.5 g of tissue were accurately weighed in a clean 10 mL glass microwave vessel and 
spiked with a kno\vn mass of MeHg isotopic spike solution and iHg solution. 
A_pproximately 3mL of 25 % tetramethylammoniulTl hydroxide (TMAH) (Fluka, 
Switzerland) in water was added to each sample vessel, the vessels were sealed, and the 
contents were extracted in an Explorer focused microwave oven (CEM, Matthews, NC) 
at 35 W for 4.5 min. Extracts were buffered with 0.550 mL of ] M sodium acetate 
(Sigma-Aldrich) and 0.560 mL high purity HN03 to set the pH at 5. Approximately 100 
!J-L of 20 % tetraethylborate (Sigma-Aldrich) was added to extracts and vortexed to 
derivatize Hg species. Approximately 1.5 mL of hexane were added to the derivatized 
solutions and the samples were again vortexed to ensure complete extraction of the 
deri vatized Hg species into the organic solvent. The tubes were centrifuged for 3 min at 
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1500 rpm to facilitate separation of the organic and aqueous phases and the organic phase 
was then transferred to pre-cleaned autosampler vials. The san1ples then underwent a 
clean-up procedure involving solid-phase extraction (SPE) on cartridges packed with 5 0/0 
(mass fraction) water-deactivated alumina in a SPE Rapidtrace workstation (Caliper Life 
Science j Hopkinton, 1\1A). The derivatized mercury species were collected in a 10 mL 
acid-cleaned glass culture tube by elution with 4 mL hexane delivered at a flow rate of 1 
mLhnin. Collected fractions were concentrated to approximately 0.2 mL under a 
nitrogen stream with a turbovap (Caliper Life Science, Hopkinton, MA) and analyzed by 
GC/ICP-MS. 
Heart tissue histology slide that were prepared by AFIP, University of Tennessee, 
and MUSe were returned and organized for microscopy examination and heart disease 
stage evaluation. I-Iematoxyline and eosin (H&E) stained histology slides for each 
animal case were evaluated independently without knowledge of life history or chemical 
analyses data by a veterinary pathologist and assigned a heart score according to criteria 
put forth by Bossart et al. (2007). IIeart histology and gross pathology was used to 
categorize heart disease in the following three stages: no pathological findings (NPF), 
nlyocardial degeneration (MCD), and cardiomyopathy (CMP). 
Analytical Techniques 
lnstrunlentation 
Total Se mass fraction measurements were collected using a Thermo Electron X 
Series II ICP-MS (Bremen, Germany) with a standard low-volume glass impact bead 
spray chamber (Peltier cooled at +3 DC), concentric glass nebulizer, and operating in 
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collision cell mode utilizing 8 % H2 in 92 % Him as the collision cell gas. Collision cell 
gas helps to eliminate isobaric interferences of 80Se+ (40 Ar2+). The collision cell ICP-MS 
working conditions were optimized with a 10 nglg 68 element tuning solution and a Se 
calibrant prior to sample analysis. The mass fraction of THg was determined with a 
direct mercury analyzer DMA 80 (Milestone Scientific, Shelton, CT) by pyrolytic sample 
decolnposition, catalytic reduction to HgO, and trapping on a gold amalgamation trap. 
1'he Hg was then thermally desorbed and the Hg atomic absorbance was measured at 254 
nm. Methyl Hg and iHg measurements were made using a Thermo Trace GC Ultra gas 
chromatograph (ThermoFinnigan, Austin, TX) equipped with a 30 m DB-5MS+DG 250 
!ln1 i.d. capillary column coated with a 0.25 !lm thick film of (5%-Phenyl)-
methylpolysiloxane (J & W Scientific, Folsom, CA). The GC was coupled to a Thermo 
Elemental X7 quadrupole ICP-MS (Winsford, UK) by a Thermo GC/ICP-MS 
commercial interface. 
Calibration Methods and Sample Measurernents 
An analytical quantification and validation scheme using the method of standard 
additions was employed for Se mass fraction measurements in liver and heart samples 
(Christopher et aI., 2005). A NIST interlaboratory comparison exercise controllnaterial, 
QC03LH3 pygmy sperm whale liver homogenate was used to build matrix-matched 
standard addition calibration curves for liver tissue analysis by spiking at different 
concentration levels. Calibration curve slopes were used to assign Se concentrations in 
unknown samples that were unspiked. Single-point standard addition methods were used 
for heart tissue analysis since a whale heart CRM is not available and calibration curves 
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from one tissue (e.g. liver) are not transferable to another tissue type (e.g. heart) to 
produce accurate data. Single-point methods avoid matrix interferences by splitting a 
single sample and spiking one of the sample splits. The spike was prepared from SRM 
3149 Selenium Standard Solution (NIST, Gaithersburg, MD). 
Total Hg concentrations were determined by external calibration utilizing SRM 
1946 Lake Superior fish tissue (NIST, Gaithersburg, MD) and QC03LH3 pygmy sperm 
\vhale liver homogenate by aliquotting different masses of the certified reference 
materials (CRMs) in nickel sample boats. The slope and intercept from the established 
calibration curves for the CRMs were used to calculate the concentration of the heart, 
liver, and control material sanlples. Methyl Hg and iHg were measured using double 
spike speciated isotope dilution methods as described in detail by Davis et al. (2007). 
Quality Assurance 
For Se, THg, and MeHg methods, sample preparation and analyses were 
performed on certified reference materials (CRMs) and procedural blanks in the same 
manner as the unknown pygmy sperm whale liver and heart samples. The unknown 
sample concentrations were corrected by subtracting the procedural blank concentrations. 
SRM 1946 Lake Superior fish tissue, QC03LH3 pygmy sperm whale liver homogenate, 
and QC04LH4 bottlenose dolphin liver homogenate (NIST, Charleston, SC) were used as 
control materials and run concurrently with each analytical sample batch for ICP-MS, 
pyrolysis AA, and GC-ICP-MS analyses. Controls were chosen based on lnatrix andlor 
trace element concentrations to assess method accuracy and reproducibility. Control 
measurements agreed well with the certified values (Table 1). Reported concentrations 
-61-
for Se, THg, and MeHg are presented as Inass fraction values, expressed in ~g/g on a wet 
mass basis. 
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Table 1. Mean C± expanded uncertainty or [1 SD]) trace element concentrations (f.lg/g, 
wet mass) measured in CRM control samples. 
Analyte SRM 1946 
Lake Superior fish tissue 
QC03LH3 
pygmy sperm whale Ii~r 
QC04LH4 
bottlenose dolphin Ii~r 
Measured value Certified wlue Measured value Assigned value Measured value Assigned value 
MeHg 1.10 ± [0.119] 1.15 ± [0.050] 
Hg 0.452 ± [0.061] 0.433 ± 0.009 
n = 14 
Se 
n =4 
3.61 ± [0.110] 3.56 ± 0.670 
n = 14 
7.27 ± [0.256] 7.87 ± 1.18 
n =3 
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3.83 ± [0.136] 3.60 ± 0.120 
Il = 7 
2.83 ± [0.099] 337 ± 0.270 
1l = 6 
Protein Oxidation 
Protein oxidation status was examined in liver samples that \vere banked in the 
NMMTB, have been cryogenically homogenized, and were prepared for analysis under 
anoxic conditions. Only NMMTB livers were looked at for protein oxidation since 
sample collection and storage integrity minimized outside oxidation exposure to the 
san1p]es. 
bnlnunoblot 
Oxyblot™ Protein Oxidation Detection Kit (Chemicon International, Temecula, 
CA) was used for imnlunoblot detection and quantification of proteins that have been 
modified by free radicals. Oxidative modification of proteins results in carbonyl groups 
being introduced into protein side chains which can be identified by immunodetection. 
Protein 1ysate was prepared by adding homogenized salnple to lysis buffer (PBS, NaF, 
Na V()4, J3-glycerophosphate, PMSF, Triton X-100, aprotinin, 1.5% 2-mercaptoethanol), 
sonicating in an ice bath for 1 min, rocking in refrigerator for 20 min, centrifuging at 
15000 rpm for 10 min, and pulling off supernatant for analysis. The carbonyl groups 
were derivatized with 2, 4-dinitrophenylhydrazine (DNPH) to 2, 4-
dinitrophenylhydrazone (DNP-hydrazone). Two aliquots of each sample were treated. 
()ne aliquot was treated with DNPH, while the other served as the negative control and 
was not treated with DNPH. Aliquots of protein lysate were transferred to 
microcentrifuge tubes and the protein was denatured by adding 12% sodium dodecyl 
sulfate (SDS) (Fluka, Sigma-Aldrich, St. Louis, MO). The sample was derivatized by 
adding DNPI-I to one sample aliquot and incubated at room temperature for 15 min. 
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Neutralizing Solution provided in the kit was added to both sample aliquots. Samples 
\vere directly blotted onto PVDF membrane in the pattern that is shown in Figure 1. 
Protein standard that was provided in the kit was dotted on every Inembrane to confirm 
proper binding of the prilnary and secondary antibodies. QC03LH3 was also dotted on 
every rnembrane to nornlalize for variation in exposure between autoradiography films. 
I'he blot was blocked by soaking the membrane in 5% dry milk dissolved in PBS with 
0.1 % Tween-20 for 1 hr at room temperature with shaking. Primary antibody (rabbit 
anti-l)NP antibody) \vas diluted to 1: 150 in blocking buffer and incubated with the 
membrane for 1 hr at 18° to 25°C with shaking. The membrane was rinsed two times 
with PBS-T and washed with PBS-T once for 15 min and twice for 5 min at 18° to 25 cC. 
Secondary antibody (goat anti-rabbit IgG-HRP-conjugated) was diluted to 1:300 in 
blocking buffer and incubated with the nlembrane for 1 hr at 18° to 25°C with shaking . 
.Nlenlbrane rinsing and washing was repeated. The excess buffer was drained from the 
ill.enlbrane and the mernbrane was covered with chemiluminescent reagent (deionized 
water; INl Tris pH 8.5, cumeric acid, 250 ~1 !tuninol, high purity H 20 2). rrhe blot was 
exposed to autoradiography film and films were scanned with a Fujifilm LAS-3000 
imager (Fujifilrn, Edison, NJ). Intensity of dots was quantified with Fujifilm MultiGauge 
ilnaging software (Fujifilm, Edison, NJ) and measured in arbitrary units (AU) per mm2. 
Degree of protein oxidative modification was based on dot intensity, where highly 
modified samples that were derivatized appeared as dark dots and paired negative 
controls appeared as light background dots (Figure 1). Normalizing for varying protein 
concentrations between animal samples was achieved by performing a Bio-Rad protein 
assay (Bio-Rad Laboratories, New YYork), which is based on the Bradford method using 
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bovine serum albumin as a standard protein (Bradford, 1976). Colorimetric absorptions 
were measured at 595 nrn with a spectrophotometer. In order to compare protein 
oxidation arnong samples between immunoblot membranes, sample intensities on a 
membrane were normalized to QC03LH3 on the same membrane and an oxidation ratio 







Figure 1. Imrnunoblot depicting oxidation of pygmy sperm whale liver proteins. Each 
co]urnn shows replicate measurements for individual animals with known gender and 
assigned heart disease scores. A protein standard (positive control) confirmed antibody 
reactivity. QC03LH3 was blotted on each membrane to normalize for between blot 
intensity variations caused by autoradiography film exposure. 
Oxidation Ratio = 
[ 
Derivatized Sample _ Sample Negative J / 
Mean (AU/mm2) Control Mean (AU/mm2) 
[
Delivatized QC03LH3 _ QC03LH3 Negaiive J / 





Figure 2. Immunoblot oxidation ratio formula. Intensity data were first corrected for the 
negative control and variation in protein concentration (measured via Bradford method). 
A second correction was applied to account for across membrane differences in exposure 
by normalizing the protein-corrected intensity data to protein-corrected QC03LH3 
intensity data. 
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Glutathione Oxidation Colorimetric Assay 
Cayman's GSH assay kit (Cayman Chemical Company, Ann Arbor, MI) was used 
to measure total glutathione by measuring both total GSH and GSSG. The kit utilized 
glutathione reductase for enzymatic recycling to quantify GSH (Tietze, 1969; Eyer and 
Podhradsky, 1986; Baker et a1., 1990). GSH reacted with Ellman's reagent (5,5'-
dithiobis-2-nitrobenzoic acid (DTNB)) to produce 5-thio-2-nitrobenzoic acid (TNB) 
which is yello\v colored. TNB absorbance was measured at 405 nm in order to calculate 
GSI-I concentration in a sample. 
HODlogenized tissue \vas prepared for GSH analysis by adding 50 mM 2-(N-
rnorpholino) ethanesulphonic acid (]vIES) pH 7.0 with 1 mM EDTA to tissue and 
vortexjng. Sarnples were centrifuged at 10,000 g for 15 min at 4 cC. The supernatant 
\vas renl0ved and stored on ice. Before assaying, the supernatant was deproteinated by 
adding an equal volume of ~1PA reagent (rrletaphosphoric acid (Sign1a-Aldrich, St. 
L,ouis, MO) in high purity deionized water) to the sample and vortexing. 1~he rnixture 
was allowed to stand at room temperature for 5 min and centrifuged at 2,000 g for 2 rnin. 
The supernatant was removed, 'TEAM reagent (4 M triethanolamine (Aldrich, St. Louis, 
MO)) was added, and the sample was vortexed. Standards and samples were prepared 
and measured in triplicate in a 96 well plate. The standard curve was prepared as 
described in Cayrnan' s assay kit instructions with GSSG standard (25 J.lM GSSG in MES 
buffer) and MES buffer (0.2 M MES, 50 mM phosphate, and 1 mM EDTA, pH 6.0). The 
Assay Cocktail was prepared by mixing MES buffer, cofactor mixture (NADP+ and 
gJucose-6-phophate), enzyme mixture (glutathione reductase and glucose-6-phosphate 
dehydrogenase in MES buffer), and TNB. An eight channel pipette was used to pipette 
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the Assay Cocktail to maintain precise incubation times. Absorbance in the wells at 405 
nm was read at 5 min intervals for 30 min by a spectrophotometer and sample 
concentrations were calculated using the kinetic method as described in Cayman's assay 
kit instructions. Yariation between plates was normalized by running QC03LH3 on each 
plate and dividing the sample concentration by the QC03LH3 concentration on the plate 
to produce a relati ve sample concentration that could be compared among samples 
between plates. 
Statistical Analyses 
Statistics were performed using JMP 7 (SAS Institute Inc., Cary, North Carolina) 
and Microsoft Excel (Rednl0nd, \\lashington). Before statistical analyses were 
perforrned, the Shapiro--Wilk goodness of fit test was used to test data for norlnality and 
equal variance was tested with the Levene median test. Pearson's correlation analyses 
were carried out to determine if Illolar concentrations between Hg and Se ·were linearly 
associated within each tissue. Additional Pearson's correlations were performed on 
oxidation ratio and glutathione data within liver tissue to examine protein oxidation 
correlations. Analysis of variance (ANOY A) was used to analyze the relationship of 
trace element concentrations, molar ratios, and protein oxidation with the factors of age 
class, gender, and heart disease stage. Tukey HSD tests and LS mean plots were 
performed on statistically significant (p < 0.05) data to determine how the means varied 
within a factor. Animals are divided into three age classes based on the following 
criteria: calf, dependent animal that is observed with its presumed mother or < 200cm; 
subadult, independent sexually immature animals 200-270 cm; adult, independent 
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animals with observed indication of sexual maturity (oogenesis or spermatogenesis) or > 
270 cm. 
RESULTS AND DISCUSSION 
In most cetacean trace element studies that include pygmy sperm whales, salnple 
sizes have been limited; however this study included samples from 62 pygmy sperm 
whales that stranded along the U.S. Atlantic and Gulf of Mexico coasts from 1993 to 
2007. A total of 11 heart samples and 32 Ii ver samples from K. hreviceps were collected 
and donated by CCEHBRJNOS/NOAA for use in this project. Since 1998, the NMMTB 
has had liver samples collected from 30 individuals that were included in the study. 
Samples were collected from animals that stranded in Massachusetts, Virginia, North 
Carolina, South Carolina, Georgia, and Florida Atlantic and Gulf of Mexico coasts. 
Heart histopathology was performed and heart disease stages were assigned according to 
criteria put forth by Bossart et al. for 36 individuals, the sample subset for which both 
heart histological preparations and gross pathology reports were available (Bossart et aI., 
2007). 
Concentrations of Trace Elements in Liver and Heart Tissue 
Surnmary data for Se, THg, and MeHg concentrations, % MeHg, and Hg:Se 
molar ratios determined in pyglny sperm whale liver and heart tissue are presented in 
Table 2. The U.S. Environmental Protection Agency (USEPA) reference dose for THg 
and MeHg in edible fish tissue are 0.300 ~g/g, wet mass and 0.100 ~g/g, wet mass, 
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respectively (USEPA, 1999). All pygmy sperm whale liver and heart samples analyzed 
reflect concentrations that were over USEP A action limits for THg and MeHg in edible 
fish tissue. Odontocetes are exposed to high levels of Hg, primary in the MeHg form, 
through squid, crustacean, and fish consumption. Oceanic squid in the family 
Histioteuthidae comprise 80 % of the pygmy sperm whale diet (Santos et aI., 2006). In 
Histioteuthis reversa, MeHg represents 83 % of the THg (0.015 ± 0.005 !-lg/g, wet 
weight) in whole squids (Bustamante et aI., 2006). While Hg concentrations in squid 
may appear relatively low, dietary Hg exposure allows bion1agnifications up the food 
chain along with bioaccumulation within individual yielding high Hg concentrations in 
pygmy sperm whales. Similar to pygmy sperm whales, squid is the major food item for 
pilot whales (Globicephala meIas) and short -finned pilot whales (Globicephala 
macrorhynchus). Methyl Hg concentrations in K. breviceps liver tissues were 
comparable to both pilot whale species (Caurant et aI., 1996; Bustamante et aI., 2003). 
Many humans consume squid and the diet of Faroe Islanders, Indigenous people in the 
Arctic, and some people in Japan consists partly of marine mammals tissue, which poses 
possible health risks from the dietary intake of Hg mainly in the more toxic MeHg form 
(Myers and Davidson, 1998~ Wagemann et aI., 1998; Booth and Zeller, 2005; Endo et aI., 
2005; Bustamante et aI., 2006). 
Table 3 shows the breadth of Hg and Se information that has been reported for K. 
breviceps liver samples and no data has been published to date that examines trace 
elements in K. hreviceps heart tissue. Pygmy sperm whale trace elen1ent data in the 
literature was difficult to compare to the current study since data was easily influenced 
and confounded by animal-to-animal variation in small sample sets. Known toxic trace 
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elements show much greater animal-to-animal variations due to an absence of 
physiological pathways to metabolically regulate these non-essential elements which 
allow them to bioaccumulate (Becker, 2000; Mackey et a1., 2003). , 
Pearson's correlation analysis indicated there were no correlations between heart 
and liver tissue concentrations of Se (p = 0.422, r = 0.270) or Hg (p = 0.931, r = 0.030), 
which was unexpected since internal organ correlations have been found for these 
elements in other odontocete species (Meador et aI., 1999; Yang et aI., 2002; Bryan et aI., 
2007). Selenium concentrations were approximately four times greater in the liver than 
the heart, and THg concentrations were approximately eight times greater in the liver 
than the heart. Methyl Hg reflected 92.761 ± 3.861 % of the THg in heart tissue and 
showed no trend with increasing THg concentrations (Figure 3), while 33.306 ± 14.019 
% of THg in the liver is MeHg and percent Mel-Ig exponentially decreased with 
increasing THg concentrations (Figure 3). At low THg concentrations the metal is 
mainly in the MeHg form and at greater THg concentrations demethylation is occurring 
resulting in iHg as the predominant form. Increasing THg concentrations in conjunction 
with decreasing percent MeHg verified that the liver is the site of Hg deposition. Similar 
exponential decrease trends in percent MeHg relative to increasing THg were 
additionally observed in pilot whale and striped dolphin (Stenella coeruleoalba) livers 
and the authors of these studies also concluded that the liver is the site of Hg 
demethylation and iHg storage (Palmisano et aI., 1995~ Caurant et aI., ] 996). Heart tissue 
was comparable to blood and skeletal muscle tissue in other cetacean species regarding 
THg concentrations, perc,ent MeHg, and no relationship between percent MeHg and 
increasing THg. Since the heart is muscle tissue and pumps blood, it was anticipated that 
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Hg concentrations and elemental species would behave similar to skeletal muscle and 
blood. Comparable to percent MeHg in K.hreviceps heart tissue, Bottlenose dolphins 
(Tursiops truncatus) were found to have 0.512 ± 0.363 ~g/g THg and 91 % MeHg in 
blood (Bryan et al., 2005; Bryan et al., 2007). In other studies that examined percentage 
MeHg to THg in liver and muscle tissue, pilot whale and beluga (Delphinapterus leucas) 
percent MeHg ranged from approximately 3 to 33 % in liver and 78 to 97% in muscle 
(Caurant et al., 1996; Wagemann et al., 1998). 
A strong positive correlation existed between Se and THg concentrations in liver 
(p < 0.001, r = 0.773) and no correlation was present between Se and THg concentrations 
in heart (p < 0.498, r = 0.229). Strong positive correlations between Se and Hg 
concentrations in pygmy sperm whale tissues were expected since this has been reported 
commonly in internal organs, such as liver and kidney, of other marine mammal species 
(Becker, 2000). The mean molar ratio of Hg:Se in liver was 0.416 ± 0.266 (0.009-1.039). 
Law et al. found in a sample size of one pygmy sperm whale liver a Hg:Se molar ratio of 
0.32 emphasizing the need for greater sampling effort (Law et al., 2001). In Figure 4, all 
points above the trend line point to greater Se molar concentrations than Hg molar 
concentrations. Many individuals fell close to having 1: 1 molar ratios between Hg and 
Se in liver. The 1: 1 molar ratio relationship between Hg and Se in liver was discovered 
in nlarine mammals dating back to 1973 by Koeman et al. and has since been observed in 
several marine mammal species trace element studies (Koeman et al., 1973; Becker, 
2000; Scheuhammer et al., 2008). In K. breviceps liver, Hg:Se molar ratios increased in 
indi vidual animals as a function of increasing THg molar masses as illustrated in Figure 
5. Studies on fish eating bird species have shown onset of neurological and birth defects 
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once the Hg:Se molar ratio exceeded 1 (Scheuhammer et aI., 2008). To date, deleterious 
health impacts have not been reported in marine mammals in conjunction with high Hg 
concentrations suggesting that marine mammals have developed a mechanism to deal 
with high Hg intake. Mercury bioaccumulates and biomagnifies in marine mammals, and 
Se aids in detoxifying Hg. Selenium binds to iHg to form mercury selenide crystals, also 
referred to as tiemmanite, which are stored in the liver. Once Se is bound to Hg, Hg is 
inert, these elements cannot be broken apart or mobilized, and this pool of Se is no longer 
biaavailable for selena-amino acid formation and metalloprotein binding. The liver is 
also the site of seleno-amino acid formation, proteins synthesis, and excretion. 
Selenoproteins, selenoenzymes, and Se-binding proteins play important roles in 
antioxidant biochemistry. Unlike many enzymes that can be recycled once used, each 
time a selenoenzyme is used it must be broken down and synthesized all over again 
making the Se accessible to bind to free Hg. Selenium bioavailability may be restricted 
in the presence of high Hg concentrations measured in pygmy sperm whales. Some 
studies suggest that all Hg binds to Se and the quantity of non-Hg-bound Se can be 
calculated by the molar difference of the two elements (Senmol/g-Hgnmollg) (Drasch et aI., 
2000~ Falnoga et aI., 2006). Pygmy sperm whales with an Hg:Se molar ratio greater than 
1 had negative values for the quantity of non-Hg-bound Se signifying that all bioavailable 
Se may be bound to Hg. Total trace element concentrations do not give much insight into 
the actual mechanisms or pathways by which Se and Hg interact and how the Hg 
sequestering mechanism influences Se bioavailablity and biochemistry, but allow 
associations to be made between concentration data~ animal life history infonnation, and 
heart disease state. 
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Table 2. Trace element concentrations (!-!gig, wet mass), % MeHg, and Hg:Se molar 
ratios in heart and liver from pygmy sperm whales. 
THg MeHg % MeHg Se Hg:Se 
Heart 
n 11 11 1 J 11 11 
Mean 1.409 1.786 92.761 2.389 0.242 
SD 0.523 0.8]9 3.86J 0.704 0.115 
Range 0.301-2.482 0.248-3.360 81.950-95.840 1.405-3.792 0.084-0.522 
Liler 
11 62 7 7 62 62 
Mean 11.537 1.102 33.306 9.444 0.416 
SD 10.627 0.507 14.019 4.399 0.266 
Range 0.385-56.888 0.156-1.650 "]7.030-51.540 2.005-21.55] 0.009-1.039 
Table 3. Mean C± SD), range, and sample size of trace element concentrations (!-!gig, wet 
mass), % MeHg, and Hg:Se molar ratios in liver of K. hreviceps from current and 
previous studies. 
Location THg MeHg % MeHg Se Hg:Se Source 
molar ratio 
A tlantic and 
Gulf of Mexico 
Coasts, USA 
11.537±10.627 1.102±0.507 33.3±]4.0% 9.444±4.399 0.416±0.266 Current study 
(0.385-56.888) (0.156-1.650) (17.0-51.50/0) (2.005-21.551) (0.009-1.039) 
11 :::;62 11 :::;7 n =7 11 =62 11 =62 
New Caledonia a 9.462 ± 10.911 0.920 ± 0.908 12.5 ±4.8% 5.111 ± 0.629 1.334 ± 0.000 Bustmante et a1. 
0.747-17.178) (0.278-1.562) (9.1-15.9%) (4.667 -5.556) ( 1.334-1.334) (2003) 
11 =2 11 =2 11 =2 n =2 11 =2 
Wales 14 n.a. n.a. 17 0.32 Law et a1. (2001) 
11 = 1 n = 1 n = 1 
South Africa 4.367 ± 2.600 n.a. n.a. n.a. n.a. Henry and Best 
n =9 (1999) 
Australia 15.86 n.a. n.a. n.a. n.a. Kemper et a1. 
11 = 1 (1994) 
Argentina ] 1.7 n.a. n.a. n.a. 11.a. Marcovecchio 
11 = 1 et at (1990) 
11.a. = not analyzed. 
a Converted to wet mass by ratio of dry to wet weight given by source. 
(Bustamante et aI., 2003; Henry and Best, 1999; Kemper et aI., 1994; Law et al., 2001; 
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Figure 3. Pygmy sperm whale heart and liver tissue percent methylmercury (MeHg) 
relative to total mercury (THg). In heart tissue, the percentage of MeHg remains 
relatively constant as a function of THg concentration, whereas the percentage of MeHg 
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Figure 4. THg and Se molar concentrations CJlmol/g) in livers of pygmy sperm whales. 
Trend line indicates the theoretical 1: 1 molar ratio between Hg and Se observed in other 
marine mammal species. 
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Figure 5. Relationship between THg molar mass and Hg:Se molar ratio in livers of 
pygmy sperm whales, partitioned as a function of gender and age class. 
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Protein Oxidation in Pygmy Sperm Whale Liver 
Liver samples from 30 individual pygmy sperm whales that were part of the 
NMM'TB were analyzed for protein oxidation. Protein oxidation data only came from the 
NMMTB sample subset given that there was greater quality control in how samples were 
collected and processed since protein oxidation data can easily be confounded when 
tissues are oxidized. The liver is secondarily affected in pygmy sperm whales with 
cardiomyopathy and hepatic congestion was observed in these animals. Examining 
protein oxidation status in the liver relative to cardiomyopathy was of key interested for 
this study since the liver is the primary organ for selenoprotein synthesis and xenobiotic 
uptake, detoxification, and storage or excretion. 
Research on oxidative stress in marine mammals is limited. To date, there is no 
literature available that examines oxidative stress markers in relationship to diseases 
affecting marine mammals. Effects of dietary fat intake on anti-oxidative state have been 
studied in captive bottlenose dolphins. Animals fed a high fat fish diet resulted in blood 
serUln lipid peroxidase levels that were significantly higher than animals fed a low fat 
fish diet and the study concluded that decreased antioxidative states may be strongly 
influenced by high amounts of PUPAs and fat in diet (Kasamatsu et aI., 2001). The 
mainly squid diet of pygmy sperm whales is relatively low-fat (approximately 2 % total 
lipid) when compared to a fish diet, however squid have PUFA levels greater than most 
fish species (Kirsch et aI., 1998; Iverson et aI., 2002; Recks and Seaborn, 2008). Pygmy 
sperm whales are potentially exposed to oxidative stress by ingesting large amounts of 
PUFAs and Hg. Free radicals and other pro-oxidants are highly reactive species since 
they are unstable containing one or more unpaired valence electrons that make them 
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targets for oxidation. PUFAs are prone to oxidation because of multiple double bonds 
and rapidly transform into peroxides. Mercury promotes free radical formation through 
univalent redox reactions and has a very high affinity for thiol groups, which can lead to 
oxidative stress and lipid peroxidation (Ganther, 1980). Antioxidants, such as 
selenoproteins, glutathione, and GPx, defend against oxidants by prevention, interception, 
and repair of oxidative damage. Imbalance of antioxidants favoring oxidants puts an 
organism or cell in a state of "oxidative stress". Oxidative stress can impair protein 
function, damage DNA, and damage membrane lipids which can lead onset set of disease 
(Arteel and Sies, 2001). 
Proteins are a key target of pro-oxidants and free radicals; and carbonyl groups 
are introduced to oxidized regions of damaged proteins. Immunoblot was used to assess 
overall protein oxidation since this method allowed immunodetection and quantification 
of carbonyl groups that were introduced to proteins which were modified by oxidation. 
Oxidation ratio differences were not detected in correlation to Se or Hg concentrations. 
Total GSH and GSSG assays looked at antioxidants in a specific pathway that aid 
in protecting cells from pro-oxidants and free radicals at the level of interception (Alteel 
and Sies, 2001). The ratio of GSH to GSSG can be used as an indicator of oxidative 
stress where a decreased ratio is indicative of oxidative stress. Glutathione disulfide 
aCCllnlulation lowers the overall GSH:GSSG ratio (GSHTotal-2GSSG:GSSG). Total GSH 
was directly correlated to GSSG (p = 0.008, r = 0.485) indicating that the oxidized GSSG 
state was the driving component in the ratio rather than the reduced GSH state. 
Glutathione disulfide was difficult to measure since samples can be unavoidably easily 
oxidized, which may have led to false elevated GSSG concentrations. Total GSH 
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concentrations lTIay have been suppressed due to assay measurement limitations since 
GSH can be tied up in the form of glutathione-protein mixed disulfides (Hill et aI., 1987). 
Glutathione can function to detoxify xenobiotics and this correlation was 
exan1ined with Hg and Se concentrations in pygmy sperm whale liver. Correlations were 
not observed between Hg concentration and GSH states or GSH:GSSG ratios. While this 
study could not exarnine the GPx activity in K. breviceps liver tissue, GPx produces 
GSSG during the reduction of hydroperoxides and GSSG is reduced to two GSH 
lllolecu]es (Figure 6). Activity of GPx is thought to be directly proportional to the rate of 
GSSG produced (Reed, 1990). Glutathione peroxidase contains the seleno-amino acid 
selenocysteine in its polypeptide chain. Although not quite statistically significant, there 
is a strong positive correlation between Se concentration and GSSG (p = 0.064, r = 
0.349) in pygmy sperm whale liver (Figure 7). Humans suffering from chronic liver 
disease have been found to have positive and highly significant correlations between Se 
concentrations and GPx activities and the study concluded that these correlations may be 
well correlated with GSH and Se accessibility (Czuczejko et aI., 2003). 
Immunoblot oxidation ratio and GSH:GSSG were not correlated to one another in 
a positive manner in relationship to what each factor means relative to oxidative stress. 
The oxidation ratio increases as an indicator of oxidative stress. The GSH:GSSG ratio 
should decrease relative to increased oxidative stress. T'he GSH:GSSG ratio increases as 
the oxidation ratio increases when the two factors are correlated to one another (p = 
0.0002) (Figure 8). These results indicate that the GSH antioxidant pathway is 
responding independent of the immunoblot overall protein oxidation marker in liver of 







Figure 6. Enzymatic pathway for glutathione peroxidase (GPx). Reactive oxygen 
species (e.g. O2-) are converted into hydroperoxide species (e.g. H20 2) by superoxide 
dismutase (SOD). Glutathione (GSH) serves as the substrate for GPX reduction of 
hydroperoxides to produce water and glutathione disulfide (GSSG). 
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Figure 7. Correlation between Se concentration and relative glutathione disulfide 
(GSSG) concentration for 30 individual liver samples. GSSG concentration data were 
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Figure 8. Correlation between imIllunoblot oxidation ratio and GSH:GSSG ratio for 30 
individual liver samples. A positive correlation was observed for the ratio data 
representing the selenium specific (GSH:GSSG) protein oxidation pathway and the ratio 
data representing overall protein oxidation (immunoblot). 
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Trace Element Concentrations and Protein Oxidation in Relation to Age Class, 
Gender, and Heart Disease Stage 
Age Class 
Animals were grouped into age classes based on total body length and 
observations of sexual maturity, since ages from teeth were available for only some 
animals in this study. Pygmy sperm whale adults can range in age from 4 to 22 years old, 
which may mask some statistical patterns due to the broad range of ages in the adult age 
class. Adult animals have THg and Se concentrations in liver that are significantly 
greater (p < 0.0001) than younger age classes. Selenium concentrations in liver are 
greater in calves and sub adults than THg concentrations and this pattern reverses in adult 
anin1als (Figure 9). Mercury increases little with age in fast growing calf and subadult 
pygmy sperm whales due to growth dilution, while in adults as growth slows I-Ig 
continuously bioaccumulates, prey are larger in size, and quantities of food ingested 
increase. Mercury has been shown to accumulate in liver in relationship to age in 
bottlenose dolphin (Meador et aI., 1999). In heart tissue, Se concentrations are greater in 
adults than calves (p = 0.151) and THg concentrations are significantly greater in adults 
than calves (p = 0.016). When heart tissue concentrations were compared within an age 
class, Se is greater than THg in calves and adult pygnly sperm whales, which does not 
reflect the pattern that was observed in adult liver tissue. As a comparison, significant 
differences in Se concentrations between age classes were not observed in bottlenose 
dolphins (Bryan et aI., 2007). Age plays a role in the molar relationship between Hg and 
Se in liver. Adult anilnals bioaccumulate higher concentrations of mercury, their Hg:Se 
Inolar ratios are significantly greater (p < 0.000] ) than younger age classes, and their 
Hg:Se molar ratio approaches one (Figure 5). 
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Differences in immunoblot oxidation ratios were not observed between age 
classes. Calves had slightly lower total GSH (p = 0.505) in conjunction with lower 
GSSG (p = 0.197) than older age classes. Age class differences were not observed for 
GSH:GSSG ratios, indicating that pygmy sperm whale oxidative stress related to GSH 
oxidation does not vary with age. 
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Figure 9. Mean (+ SE) THg and Se concentrations in pygmy sperm \vhale liver, 
partitioned as a function of age class. Significantly different mean Hg and Se 
concentrations between age classes are denoted with an asterisk (p < 0.000 1). 
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Gender 
Full factorial ANOV A showed no significant differences in Se (p =: 0.590) and Hg 
(p =: 0.097) concentrations in liver between adult males and females. Statistically 
significant differences between genders have also not been observed for Se 
concentrations in bottlenose dolphins and humans; and Hg concentrations in humans 
(Drasch et aI., 2000; Bryan et aI., 2007). As presented in Figure 5, Hg:Se molar ratio 
points were generally higher for adult males than adult females warranting further 
statistical investigation of this pattenl. In adult K.hreviceps, Hg:Se molar ratios were 
greater in males than females (p == 0.072) and would have been statistically significant if 
the female animal with greatest Hg molar mass was not elevating the overall female mean 
(Figures 5 and 9). Bottlenose dolphin and pilot whale females, more specifically 
lactating pilot whale females, have greater Hg concentrations and Hg:Se molar ratios in 
liver tissue than ITlales (Caurant et aI., 1996; Meador et aI., 1999; Bryan et aI., 2007). 
Adult females are thought to have greater bioaccumulation of Hg than adult males due to 
increased dietary conSUlIlption to keep up with the energy demands of gestation and 
lactation (Bryan et aI., 2007). The same gender pattern was expected to prevail in pygnly 
sperm whale females especially since they reach sexual maturity at a younger age of 
approximately 3.5 years old than bottlenose dolphin females, which become sexually 
mature at 5 to 10 years old. 
Immunoblot oxidation ratio gender patterns were similar to Hg:Se molar ratio 
gender patterns (Figures 10 and 1]). While not statistically significant (p = 0.160), males 
have a greater mean oxidation ratio than females. Total GSH means were not different 
between male and females. Mean GSSG was slightly elevated (p == 0.262) in females and 
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Figure 10. Mean (± SE) Hg~Se molar ratios in livers of adult females (n = 22) and males 
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Figure 11. Mean (± SE) immunoblot oxidation ratios in livers of females (n = 13) and 
males (n = 17). 
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Heart Disease Stage 
Only 5 hearts were able to be scored of the 11 animals that Hg and Se 
measurements were made in heart tissue, preventing further statistical analyses of trace 
element concentrations in heart tissue relative to heart disease stage. Animals that have 
no pathological findings have significantly lower (p == 0.004) Se concentrations and lower 
(p = 0.094) Hg concentrations in liver tissue than animals affected with myocardial 
degeneration and cardiolnyopathy. Selenium concentrations increase in conjunction with 
increasing Hg concentrations and both relate to MCD and CMP in pygmy sperm whales. 
While not statistically significant (p == 0.236), animals with myocardial degeneration and 
cardiomyopathy have greater Jjver Hg:Se molar ratjos than anjmals wjth no pathoJogjcaJ 
findings (Figure 11). Mercury concentrations drive the overall Hg:Se ratio when Hg is 
present in greater concentrations than Se. Selenium may be bound to Hg to combat 
detoxifying Hg and is no longer bioavailable in heart disease affected animals. Elevated 
fIg concentrations can induce formation of free radicals which in tum can inhibit ion 
pumps and transporters in cardiac tissue (Frustaci et aI., 1999) 
Of the 30 pygmy sperm whale livers analyzed for protein oxidation, heart scores 
were able to be assigned to 21 individual animals. Although not statistically significant 
(p = 0.4.53), animals affected with cardiomyopathy have greater mean immunoblot 
oxidation ratios than anirnals with no pathological findings or myocardial degeneration 
(Figure 12). Anirnals with low overall protein oxidation have less antibody tagging of 
oxidized carbonyl groups resulting in light spots as shown in Figure 1 in a female calf 
with no pathological findings, while animals with cardiomyopathy exhibit darker spots 
due to greater protein oxidation and antibody tagging. Gender may be interrelated with 
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heart disease stage in adult animals, since prevalence of cardiomyopathy was greater in 
males and males had both greater Hg:Se and oxidation ratios (Figures ] 0 and 11), which 
were both elevated in animals with cardiomyopathy (Figures 12 and 13). 
Overall, stage of cardiomyopathy progression did not relate to reduced or 
oxidized glutathione concentrations. Total GSH means were slightly lower (p = 0.650) in 
animals affected with cardiomyopathy than animals with no pathological findings or 
myocardial degeneration. Depletion of GSH has been commonly observed in 
conjunction with heart failure in humans (Ren et aI., 2008). There were no differences in 
GSSG levels or GSH:GSSG ratio across heart disease stages. These findings point out 
that it is difficult determine whether oxidative stress directly or indirectly plays a role in 
cardiomyopathy progression. Other studies have pointed out that redox equilibrium is 
essential to biological systems and that imbalance due to oxidative stress or swinging the 
pendulum too far in the direction of reductive stress can result in sinlilar deleterious 
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Figure 12. Mean (± SE) Hg:Se molar ratios in pygmy sperm whale livers as a function of 
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Figure 13. Mean (± SE) immunoblot oxidation ratios in pygmy sperm whale liver as a 
function of heart disease stage; NPF (n = 8), MCD (n = 9), CMP (n = 4). 
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CONCLUSIONS 
whales could possibly be a species that are more ,,,'~0VVJJ 
cardiomyopathy and environmental factors put then1 
sperm whales may perhaps serve as an indicator species to tie hUlnan 
""" .... __ ... ""' ... v"''''''' concerns back with how trace elen1ents and oxidative stress can playa role in 
cardiomyopathy. sperm whale diet directly links to trace element and 
Myocardial degeneration was observed in subadult and adult pyglny sperm 
cardiomyopathy was only observed in adult animals. In human 
studies, cardiac disease usually presented in adulthood ... , ..................... .,A.., 2004). 
was more prevalent in adult male pygmy sperm whales. Males were 
molar ratios and imrnunoblot oxidation ratios which 
of cardionlyopathy. Human men are times more likely than 
dilated cardiomyopathy, and men are affected 1 1 lnore 
WOlnen with hypertrophic cardiolnyopathy (Virmani" 2004). 
that chronic 
manne ""' .......... "''' ...... AA'''.....,''' studies 
aI., 2000). All K. hreviceps heart and 
the US-EPA action limits for In 
may have increased negative 
the' that status 
tissue "n't"'\''\f''> 
sequestration chemistry wherein Se binds Hg in the process of detoxifying Hg, however 
the ultimate biochemical impact of this detoxification mechanism has been less studied. 
To properly address Se bioavailability and determine whether Se is truly deficient, 
presence and activity of selenoenzymes, selenoproteins, and Se-binding proteins should 
be further explored. Many of the factors that can induce onset and progression of 
cardiomyopathy may not stand alone in inducing the disease in pygmy sperm whales, but 
rather act collectively. 
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SELENOPROTEIN, SELENIUM-CONTAINING PROTEIN, AND 
SELENIUM-BINDING PROTEIN IDENTIFICATION AND 
PROFII~ING IN HEART DISEASE AFFECTED PYGMY SPERM 
WHALES 
INTRODUCTION 
Selenium (Se) is an essential micronutrient for animals that is primarily acquired 
though diet. The major biological role of Se is in antioxidant defense and it can be toxic 
at high concentrations. Total Se gives a good indication of Se status in a species telling 
whether Se concentrations are balanced, toxic, or deficient. While, total Se concentration 
provides little information about the element's bioavailability since the biological 
function of Se is primarily mediated by incorporation or association with proteins. The 
Ii ver is the predominant site of selena-amino acid formation, Se protein synthesis, and 
excretion therefore often making liver the one of tissues of choice to study Se speciation 
(Whanger, 1998; Behne and Kyriakopoulos, 2001). Selenocysteine (SeCys) and 
selenolnethionine (SeMeth) are the two amino acids that are incorporated into Se 
proteins. Selenoproteins specifically incorporate Se into the protein as the amino acid 
selenocysteine by which Se is covalently bound. The UGA codon codes for the 
incorporation of a selenocysteine amino acid into a protein and selenoproteins have been 
functionally identified, such as glutathione peroxidase (GPx) and thioredoxin reductase 
(TrxR) (Suzuki, 2005). Incorporation of selenomethionine into selenium-containing 
proteins (e.g selenoalbumin) instead of methionine is non-specific and functions of 
selenomethionine containing proteins are not well understood (Behne and Kyriakopoulos, 
2001). Selenium-binding proteins bind Se to functional groups to form metal-protein 
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complexes or, with a higher binding affinity, Se can out compete and replace other 
elements in some proteins (Suzuki, 2005). For example, as a member of group 16 on the 
periodic table, Se containing compounds are better nucleophiles than analogous sulfur 
containing compounds and can be substituted into proteins instead of sulfur (Arteel and 
Sies, 2001). Selenium can also be substituted for other metals, such as Zn, into metal-
binding proteins, which can import, export, and transport metals within cells and between 
tissues (Kang, 2006). 
Imbalances of essential trace elements have been associated with tissue danlage, 
organ dysfunction, and diseases. Toxicity of selenium has been documented in humans 
from overdoses of Se supplements, exposure to industrial accidents, and consuming 
seleniferous plants or crops grown in soil that contained high concentrations of selenium 
(Yang et aI., ] 983; Holben and Smith, 1999). Selenium deficiency has been observed in 
humans in areas of the world where food source crops are grown in Se poor soil and in 
humans that are on intravenous diets or have had intestinal bypass (Xia et aI., 1989; 
Boldery et aI., 2007). Deficiency of Se has been linked with cardiovascular disease, 
cancer, neural disease, rheumatoid arthritis, and immune disorder (Holben and Smith, 
1999; Alaejos et aI., 2000; Gammelgaard et aI., 2008; Pedrero and Madrid, 2009). 
Selenium deficiency can elevate damage from other disease causing factors such as 
coxsackieviruses (Holben and Smith, 1999). 
This study focuses on how Se is associated with the specific cardiovascular 
disease of cardiomyopathy in pygmy sperm whales, Kogia breviceps. Studying 
cardiomyopathy in pygmy sperm whales is of particular interest since greater than 50 % 
of these whales are affected by this disease and non-ischemic cardiomyopathy is the most 
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common disease that leads to heart transplants in humans (Towbin and Bowles, 2002; 
Bossart et aI., 2007). Cardiomyopathy is a myocardial disease that results in deterioration 
of myocardium, cardiac dysfunction, and diminished heart pumping function. Pygmy 
sperm whales present pathology of a mixed form comprising dilated and hypertrophic 
cardiomyopathy (Bossart et aI., 2007). 
Etiology of cardiomyopathy in pygmy sperm whales is currently idiopathic. 
Nutritional deficiencies of Se have been shown in humans, mice, dogs, and cattle to play 
roles in development and progression of cardiomyopathy (Bartfay et aI., 1998~ Freeman 
et aI., 1998; Freeman et aI., 1999; Hara et aI., 2001; Bergqvist et aI., 2003). Humans that 
suffer from Keshan disease or are on a ketogenic diet to treat intractable epilepsy are 
often nutritionally deficient in Se and either experience cardiomyopathy or are at greater 
risk for heart disease development (Xia et aI., 1989; Foster and Sumar, 1997; Bergqvist et 
aI., 2003). A Chinese human population has been shown to have an elevated rate of 
cardiomyopathy due to selenium deficiency as indicated by below normal levels of 
selenium in blood (Xia et aI., 1989). There have been relatively few studies on altered 
selenoprotein synthesis and research addressing Se roles in cardiomyopathy are 
correlative. Many factors that may contribute to development and progression of 
cardiomyopathy, such as genetics, infectious agents, biotoxins, and dietary intake 
(vitamins, Se, Hg, pro-oxidants), could act collectively and may be interconnected to one 
another. Humans that have a specific metallothionein genetic polymorphism and a zinc 
deficient diet are at greater risk of developing cardiovascular disease indicating the 
possible role of gene-diet interaction in disease predisposition (Giacconi et al.). Other 
studies have shown that multiple dietary factors can interact, such as deficiency of 
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vitamin E and Se, to further progression of myocardium degeneration (Kennedy et aI., 
1987; Kennedy and Rice, 1988; Baker et aI., 1990). 
Many marine mammal studies have put forth the idea that Se status may be 
impacted by sequestration chemistry wherein Se binds Hg in the process of detoxifying 
Hg (Koeman et aI., 1973; Caurant et aI., 1996; Wang et aI., 2001); however the ultimate 
biochemical impact of this detoxification mechanism has been less studied in marine 
mammals. Using an in vivo laboratory model, rats injected with methyl Hg and fed a 
selenium rich diet had glutathione peroxidase, glutathione S-transferase, and succinate 
dehydrogenase activity that was reduced as compared to animals that were not exposed to 
I-Ig (Zhang et aI., 1997). To properly address Se bioavailability and determine whether 
Se is truly deficient, presence of selenoenzymes, selenoproteins, and Se-containing 
proteins must first be explored in pygmy sperm whales. Methods have been developed 
for the cOlllplex matrices of pygmy sperm whale liver and heart tissue to extract, purify, 
detect, and identify Se proteins. This study seeks to aid in identifying changes in 
selenoprotein, Se-containing protein, and Se-binding protein presence and abundance 
throughout the progression of cardiomyopathy in pygmy sperm whales. 
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MA TERIALS AND METHODS 
Sample Collection 
Since 1998, the National Institute of Standards and Technology (NIST) has 
banked liver tissue from stranded individual K.hreviceps in the National Marine Mammal 
Tissue Bank (NMMTB). Fresh frozen liver samples obtained for the NMMTB were 
collected and processed during animal necropsies according to NISTIR 6279 (Becker et 
aI., 1999) by trained field collectors, placed in 200 mL polytetrafluoroethylene (PTFE) 
jars (Savillex, Minnetonka, MN), and stored long term in the specimen bank under 
cryogenic conditions (approximately -150°C). Heart samples were collected and 
donated for use in this project by the Center for Coastal Environmental Health and 
Biomolecular Research (CCEHBR) NOSINOAA, Charleston, SC. Fresh frozen heart 
tissue samples were placed in 50 mL polypropylene centrifuge tubes and stored long term 
at -80°C. The liver for QC03LH3 pygmy sperm whale live homogenate was collected in 
1994 from a female (MMES9469SC-8) that stranded, was kept in rehabilitation for five 
days until it died, and tissues were donated to NIST, Charleston, SC by 
CCEHBRINOS/NOAA for use in making an interlaboratory comparison exercise control 
material. QC03LH3 was used throughout method development and for Se protein 
identification in K. hreviceps due to sample abundance and integrity of sample collection, 
homogenization, and storage. 
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Sample Preparation 
Fresh frozen tissue was cryogenically homogenized to produce a unifonn salnple 
composition of fresh frozen powder for analysis. Liver samples were homogenized in 
class 100 clean room conditions at NIST, Charleston, SC using cryogenic procedures 
developed by Zeisler et al. and Pugh et al. (Zeisler et aI., 1983; Pugh et aI., 2007). Tissue 
homogenate samples were aliquotted into 15 mL PTFE jars for storage under cryogenic 
conditions (approxirnately -150°C) until analysis. Heart samples were cryogenically 
homogenized using a bench-top 6850 Freezer/Mill (SPEX SamplePrep, Metuchen, NJ). 
Heart samples were cut while frozen into small pieces on a PTFE cutting board using a 
clean set of stainless steel forceps, sterile blade, and plastic scalpel handle for each 
sample. The instruments used for tissue dissection were cleaned using high purity 
deionized water (resistivity =18M!1-cnl) and methanol certified for trace metal analysis 
(Burdick and Jackson, Muskegon, MI). Pieces from each salnple were placed in a liquid 
nitrogen (LN2) chilled 6751 Vial with a stainless steel impactor (SPEX SamplePrep) and 
capped. Vials were placed in the mill, submerged in LN2, and shaken at 10Hz for 3 nun. 
Homogenized powder was transferred into 15 mL sterile polypropylene jars (Nalge Nunc 
International, Rochester, NY) and stored at -80°C until analysis. 
RIPA lysis buffer (Peirce, Rockford, IL) with IX concentration HaltTM protease 
inhibitor cocktail and 5 nli\1 EDT A was placed in 6 mL aliquots into 15 InL 
polypropylene centrifuge tubes. Approximately 0.5 g homogenized sample was weighed 
into each centrifuge tube with buffer solution and vortexed. The centrifuge tubes were 
laid on ice and rocked for 15 mins. The tubes were then centrifuged for 3 mins at ] 500 g. 
The supernatant was pulled off in 1.5 mL aliquots and placed into protein LoBind 
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microcentrifuge tubes (Eppendorf, Hauppauge, NY). A Microfuge 22R (Beckman 
Coulter, Fullerton, CA) was used to centrifuge microcentrifuge tubes for 15 mins at 
] 4,000 g and 4°C. The supernatant from each microcentrifuge tube was filtered with a 
0.2 J.lffi PTFE membrane filter (SunSri, Rockwood, TN) into a glass auto-sampler vial. 
All samples were kept on ice between steps to prevent protein degradation. Protein 
extraction was controlled and optimized by protein concentration measurements to ensure 
that tissue cells were thoroughly lysed. Total protein concentration was measured at 595 
nm according to the Bradford method (Bradford, 1976) using a Coomassie Plus assay kit 
(Pierce) and a DU800 spectrophotometer (Beckman Coulter). Bovine serum albumin 
(Pierce) was used as the calibration standard. 
Analytical Methods 
Instrumentation 
Total Se mass fraction measurements were made using a Thenno Electron X 
Series II ICP-MS (Bremen, Germany) with a standard low-volume glass impact bead 
spray chamber (Peltier cooled at +3 DC), concentric glass nebulizer, and operating in 
collision cell mode utilizing 8 % H2 in 92 % He as the collision cell gas. Detailed total 
Se measurement methods were described in Chapter 2. Figure 1 outlines the multiple 
steps and instrunlentation used for Se species separation, detection, and identification. 
Liquid chromatography coupled to UV spectrophotometer and Thermo Elemental X7 
quadropole ICP-MS (Winsford, UK) (Le/UV IICP-MS) were used for Se species 
separation, detection, and fraction collection. A DX 600 (Dionex, Sunnyvale, CA) ion 
chromatography system consisting of GP50 gradient pump, AS autosampler (cooled to 4 
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was same as 
1 1 
spern1 whale samples. QC03LH3 and GPx standard were used throughout method 
development and sample analyses for method validation, reproducibility and protein 
identification. The GPx standard was used to verify protein recovery along each 
chrolnatographic separation and verify that the selenoprotein can be properly identified 
by peptide sequence. 
Protein separation 
Protein separation steps are outlined in Figure 1. The 1 st dilnension of protein 
separation was carried out by LC, protein presence was detected by UV Nis, and Se 
containing peaks were detected by ICP-MS. Then Se containing fractions were collected 
fro In each of the 1 st dilnension Se peak elution times for 2nd dimension SDS-PAGE 
protein separation or 2nd dimension LC protein separation, ICP-MS Se detection, and 
fraction collection. Liquid chromatography separation was primarily carried out on a size 
exclusion column that had an effective separation range of 1-300 kDa since the column 
has notable tolerance of complex matrices. Strong anion exchange liquid 
chromatography (SAXlUV IICP-MS) was used for additional clean-up and further 
fractionation of Se species. Mobile phase compositions, chromatographic programs, and 
sample injection volumes are outlined in Table 1 for each LC separation. Replicate 
injections and LC separations were performed in order to collect multiple fractions from 
the same salnple. Fractions were then combined and then pre-concentrated using 15 mL 
Centrifugal Filter tubes (Millipore, Billerica, MA) which have a 3 kDa ll10lecular weight 
cutoff. An A vanti J -20 XPI centrifuge (Beckman Coulter) was used to spin down 
samples for approximately 20 mins at 7,000 g and 4 DC. Pre-concentrated sample that did 
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not pass through the filter and contained proteins greater than 3 kDa was removed from 
the top chamber of the tube and placed in protein LoBind microcentrifuge tubes for 
measurement of total protein concentration, SDS-PAGE, or tryptic digestion. 
SDS-PAGE was performed as a 2nd dimension of protein separation. Total 
protein concentration in each protein fraction collected from the ] st dimension of 
separation was determined by the Bradford assay in order to know the proper amount of 
sample to load into each gel well. Protein fraction samples along with protein lllolecular 
weight ladder SeeBlue pre-stained standard (Invitrogen, Carlsbad, CA) were loaded into 
NuPage Novex 10% bis-tris 1.5 mm gels (Invitrogen) according to the manufacturer's 
instructions. Duplicate SDS-PAGE gels were prepared with sample fractions and run at 
180 V and 400 rnA for 60 mins. One of the duplicate gels was used to preconcentrate 
proteins from the gel by transferring them onto the surface of a polyvinylidene fluoride 
(PVDF) membrane through electroblotting at 30 V and 230 rnA for 90 mins. Gels and 
PVDP tnembranes were stained with Coomassie SimplyBlue SafeStain (Invitrogen) to 
visualize protein bands and to ensure that proteins properly transferred through 
electroblotting. Both the gels and PVDF membranes were stained for 60 mins and 2 mins 
respectively. Sample lanes on PVDF membranes were individually cut out and mounted 
on glass slides for LA-ICP-MS. Line scans were carried out over each sample lane to 
detect Se in a protein band by LA-Iep-MS. Electroblotting proteins onto the surface of 
PVDF membranes increased the sensitivity of Se detection by LA-Iep-MS. Once Se was 
detected in a protein band on the PVDF membrane, the corresponding band was 
sectioned from the duplicate stained gel for protein identification. 
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SecurityGuard Cartridges AJO-4487 (Phenomenex, Torrance, CA) 




A: 50 mM ammonium acetate (Fluka, Sigma-Aldrich) in 
deionized water, pH 7.0 
Isocratic program (0.75 mL/min) 
o min to 25 min 
Strong Anion Exchange 
100%A 
Column 




A: 10 mM Trizma hydrochloride (Tris) (Fluka) in deionized water, pH 8.0 
B: 10 mM Tris and 500 ml\1 ammonium acetate in deionized water, pH 8.0 
Gradient Program (0.55 mL/min) 
o min to 10 min 
10 min to 16 min 
16 min to 25 min 
25 min to 32 min 
100 % A linear gradient to 40 % B 
60 % A and 40 % B linear gradient to 100 % B 
100 %B 
100 % B linear gradient to 100 % A 
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Protein ident~fication 
Selenium containing protein fractions collected required protein alkylation and 
tryptic digestion in order to prevent formation of disulfide bridges and to obtain peptides 
of a suitable length for identification by LC-ESI-MS/MS. Bradford assay was used to 
estimate total protein concentration in each protein fraction in order to decide how much 
sample was required for digestion. Protein was weighed out and 0.2% RapiGest (Waters, 
Milford, MA) in 50 mM Tris buffer (pH 8.0) along with 200 mM 1, 4-dithio-DL-threitol 
(DTI') (Fluka, Sigma-Aldrich) solution was added to the protein. Sanlples were heated at 
60°C for 30 mins followed by 30 mins at 37°C. Then 200 mM iodoacetamide (Siglna, 
Sigma-A.ldrich) solution was added and samples were incubated at room temperature in 
the dark with vortex mixing for 30-60 mins. The 200 mM DTT solution was added and 
salnples were again incubated at room telnperature in the dark with vOltex mixing for 15-
30 mins. Trypsin (Promega, Madison, WI) was added to alkylated protein to achieve a 
ratio of trypsin:protein of 1 :50 to 1: 100 and incubated for 20 hrs at 37°C. Digestion was 
stopped and R_apiGest was cleaved by adding 25.5 % trifluoroacetic acid (TFA) (Supelco, 
Bellefonte, PA) to bring sample pH < 2 and samples were incubated at 37°C for 60 mins. 
After incubation, 0.1 % FA (aq) formic acid (Fluka, Sigma-Aldrich) was added and 
salllpies were centrifuged at 14,000 g for 10 mins at 4 °C to precipitate RapiGest. The 
supernatant was removed and transferred to protein LoBind microcentrifuge tubes which 
were frozen at -20°C until analysis. 
In-gel alkylation and tryptic digestion were performed on Se containing protein 
bands that were sectioned from stained SDS-P AGE gels according to a digestion protocol 
by Promega and the alkylation steps described above (Promega, 2009). Gel slices were 
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destained with 100 mM ammonium bicarbonate (NH4HC03) (Fluka) and 50 % 
acetonitrile (ACN) (Burdick Jackson). The slices were dehydrated with 100 % ACN 
between digestion steps in order for the gel slices to pull reagents in during rehydration. 
The resulting peptides from the digested proteins were extracted from the gel slices with 
50 % ACN and 5 % TF A. 
Reverse Phase Liquid chromatography electrospray ionization tandem mass 
spectrom.etry (RPLC-ESI-MS/MS) was used for peptide sequencing and protein 
identification. Mobile phase compositions, chromatographic program, and sample 
injection volume are outlined in Table 2 for chromatographic separation of peptides. 
SEQUEST software (ThermoFisher, Waltham, MA) was used to compare peptide 
fragmentation pattelTIS to theoretical fragmentation of peptides. The FAST A database 
was created by downloading all currently known protein sequences that contain the 
amino acid selenocysteine (U) from all species in the UniProtKB/Swiss-Prot database 
(downloaded from www .expasy.org on 06/10108) since there is no protein database 
available for pygmy sperm whales. In addition, a custom made database was created that 
contained FAST A sequences from known selenoproteins and Se containing protein in 
humans and bovines. A list of proteins included in the custom database can be found in 
Appendix B Table 3. Scoring and cutoff criteria were set in SEQUEST for database 
searches to decide that a MS/MS data set indicated the presence of a protein in the 
sample. Monoisotopic precursor and fragment mass types were allowed along with two 
missed cleavage sites, cysteine alkylation, and methionine oxidation. The mass range of 
the peptides was 200-6000 mlz. The XCORR versus charges state values were set at 
1.50, 2.50, and 3.00; and the delta CORR cutoff value was 0.] 00. Maximum peptide 
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probability was set at 0.05. This probability limit minimized the false positive rate of 
randolnly matching a peptide in the database. 
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Table 2. Mobile phase compositions and chromatographic program for separation of 
peptides. 
Column 





A: 0.1 % formic acid in HPLC grade water 
B: 0.1 % formic acid in ACN 
Gradient Program (450 nLhnin) 
o min to 45 min 
45 min to 55 min 
55 min to 60 min 
60 min to 62 min 
62 min to 72 min 
97 % A and 3 % B linear gradient to 
75 % A and 25 % B 
75 % A and 25 % B linear gradient to 
10 % A and 90 % B 
IO%Aand90%B 
10 % A and 90 % B linear gradient to 
97 % A and 3 % B 
97 % A and 3 % B 
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Seleniuln species profiling 
Liver samples from animals in the NMMTB, heart samples donated by 
CCEHBRINOSINOAA, and QC03LH3 were taken through sample preparation, separated 
by size exclusion chromatography, and Se species were detected by ICP-MS. 
Independent and blind of protein and chemical analyses, heart histopathology was 
performed and heart disease stages were assigned according to criteria put forth by 
Bossart et al. 2007 for animals that heart tissue and gross pathology reports were 
available. Hearts were assigned as having no pathological findings (NPF), myocardial 
degeneration (MCD), or cardiomyopathy (CMP). Chromatograms were plotted for each 
sample to compare Se species maximum peak intensities with total trace element 
concentrations and heart disease stage. Statistical analyses were performed using JMP 7 
(SAS Institute Inc., Cary, NC) and Microsoft Excel (Redmond, Washington). Pearson's 
correlation analyses were carried out to determine if total trace element concentrations 
were linearly associated with individual Se peak maximum intensities. Analysis of 
variance (ANOVA) was used to analyze the relationship between individual Se peak 
maximum intensities and heart disease stage. Variations between heart disease stage 
mean maximum intensity within a peak were examined with LS mean plots. 
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RESUL TS AND DISCUSSION 
Selenium protein separation and identification 
Figure 2 shows a SEC/uV/ICP-MS chromatogram of the single Se containing 
protein peak for the GPx 1 standard from bovine erythrocytes which elutes off the column 
at approximately 9.5 mins. The GPxl standard from bovine erythrocytes had 97.56 0/0 
protein sequence coverage with bovine GPx 1 and a list of matched peptides with their 
probability scores can be found in Appendix B Table 4. As a selenoprotein, glutathione 
peroxidase uniquely contains the selenoamino acid selenocysteine which is coded for in a 
peptide sequence as a "U". The active site of GPx contains the selenocysteine residue 
that carries out the catalytic function of redox reac60ns (Suzuki, 2005). The 
selenocysteine containing selenopeptide GKVLLIENV AS LUGTIVR was identified in 
the GPx standard from bovine erythrocytes and the MSIMS spectrum of this peptide 
fragmentation is shown in Appendix B Figure 14. 
Sample separation has been identified as the limiting step in Se speciation of 
complex biological samples that contain many Se proteins. Selenium in selenoproteins is 
covalently bound therefore the metal is less likely to separate from the protein of interest 
during protein separation and clean-up steps. However, Se in Se-containing and Se-
binding proteins is not covalently bound and is more easily lost during some forms of 
protein separation, such as SDS-PAGE, resulting in these proteins being undetectable by 
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the metal cofactor with ICP-MS. When proteins in QC03LH3 pygmy sperm whale liver 
homogenate were taken through a second dimension of separation with SDS-PAGE, Se 
was only detected by LA-ICP-MS in one protein band on PVDP membrane from 
electroblotting (Figure 3). The selenoprotein glutathione peroxidase 1 was the single Se 
protein identified utilizing SDS-PAGE separation. Liquid chromatography coupled to 
ICP-MS was the most effective tool for separating intact Se proteins and retaining their 
native composition during Se species separation and Se detection. Two dimensions of 
liquid chromatography were used for further separation and purification of Se proteins in 
the complex matrix of QC03LH3 pygmy sperm whale liver homogenate to improve 
protein identification with tandem mass spectrometry. Chromatograms of strong anion 
exchange and size exclusion separations of QC03LH3 and ICP-MS detection are found in 
Appendix B in Figures 12 and 13, respectively. 
Figure 4 shows a SEC/UV/ICP-MS chromatogram of the pygmy sperm whale 
liver homogenate QC03LH3. Proteins and smaller molecules elute from the size 
exclusion column according to molecular weight resulting in high-molecular weight 
proteins eluting first and low-molecular weight molecules eluting last. There were three 
prominent protein peaks containing Se from QC03LH3 that eluted off the size exclusion 
column. The large Se peak that eluted at approximately 16 mins contained both organic 
and inorganic small molecule Se species, which were not considered in this study. 
Tandem mass spectrometry was used to identify proteins that were present in 
QC03LH3 pygmy sperm whale liver from selenium containing protein fractions 
separated by liquid chromatography and detected by ICP-MS. Since this was a labor 
intense process, only QC03LH3 and GPx 1 standard from bovine erythrocytes were taken 
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through the complete sequence of steps for protein identification. Table 3 provides 
percent sequence coverage in each protein and a list of peptides matched with the 
respective probability scores. Peptide matches used for identification of Se proteins in 
pygmy sperm whales were derived from homologous proteins in other species since the 
proteome for K. breviceps has not been mapped. Protein matches between pygn1y sperm 
whales and species for which protein databases were available indicated that peptide 
sequences for many proteins are highly conserved between species. Some Se protein 
sequences in Kogia spp. could be greatly different from those sequenced in other animals 
therefore preventing identification of some Se proteins in pygmy sperm whales. Low 
abundance Se proteins may not have been identified since peptides for these proteins 
were not detectable at such low concentrations relative to higher abundance proteins. 
Several Se proteins were identified by a single peptide MS/MS spectrum match and 
should be verified by cOlllplementary means. Western blots with antibody against 
selenoproteins and Se-containing proteins would be the next step in protein verification. 
Table 4 highlights the properties and functions of selenoproteins, Se-containing 
proteins, and Se-binding proteins identified in QC03LH3 pygmy sperm whale liver. 
Serum albumin was included in Table 4 since this protein can be Se containing and was 
identified in several sample fractions. Selum albumin is a high-abundance protein in 
many tissues, including liver, making it difficult to eliminate during sample preparation. 
Figure 5 shows where key identified Se proteins are located in Se containing peaks on the 
SEC/UV/ICP-MS chromatogram of QC03LH3 pygmy sperm whale liver hOlTIogenate 
based on retention time matches and molecular weight. Larger greater molecular weight 
selenoproteins, selenium-containing, and selenium-binding proteins were found in both 
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peaks 1 and 2 and proteins that fall into each of these Se protein classifications are 
identified in Table 4. Peak 3 contained only metallothioneins, small low molecular 
weight selenium-binding proteins. Glutathione peroxidase, selenium-binding protein, 
and metallothioneins are further discussed since they act in protection from oxidative 
damage, metal detoxification, detecting xenobiotics, and binding xenobiotics. These 
protective roles are important to pygmy sperm whales because these animals are 
continuously exposed to oxidative stress and contaminants in the marine environment. 
When an organism in under oxidative stress, the protective effect of GPx is of 
particular importance (Behne and Kyriakopoulos, 2001). The selenoprotein glutathione 
peroxidase 1 was identified in QC03LH3 by several separation schemes utilizing single 
and two dimensional separations. Peptide fragn1entation patterns of bovine GPx 1 peptide 
FLVGPDGVPVR matched between MS/MS spectra for GPx 1 standard from bovine 
erthyrthrocytes separated by SEC; QC03LH3 separated by SEC and SDS-PAGE GPxl; 
and QC03LH3 separated by SAX and SEC as shown in Appendix B Figures 15, 16, and 
17. Glutathione peroxidase is the most extensively studied selenoprotein for which 
protein functions and structure have been widely characterized and this protein has been 
identified in many animal species CArteel and Sies, 2001). While GPx activity has been 
studied in bottlenose dolphins (Tursiops truncatus) (Pine et aI., 2007; Woshner et aI., 
2008) and ringed seals (Pusa hispida) (Vazquez-Medina et aI., 2006), this is the first 
study to isolate and identify GPx 1 in a marine mammal species. Glutathione peroxidase 
] is a cellular or cytosolic enzyme that prevents lipid peroxidation of cell membranes 
protecting cells from oxidative damage (Czuczejko et aI., 2003). Hydrogen peroxides 
and organic hydroperoxides are reduced by GPx as the catalyst. 
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SeleniulTI binding protein 1 (SBP1) was identified in QC031.,H3 pygmy sperm 
whale liver and an example MSIMS spectrum of one the identified SBPI peptides 
(GGPVQVLEDQELK) is shown in Appendix B Figure 18. The body of literature is 
nominal on selenium-binding proteins acting in sensing reacti ve xenobiotics in the 
cytoplasm and understanding what other biological roles these proteins may play. Rats 
that have been exposed to toxic coplanar polychlorinated biphenyls (PCBs) have shown 
up-regulation of selenium-binding protein (Ishii et aI., 1996). Pygmy sperm whales are 
exposed to PCBs and concentrations of PCBs have been measured in many other marine 
mammal species (Becker et aI., 1997). Exposure to chemicals known to be peroxisome 
proliferators, such as dibutyl phthalate, Wy-14 643, and ciprofibrate, have been shown in 
a mouse model to decrease abundance of selenium-binding proteins (Giometti et aI., 
2000). Studies on different chemicals illustrate that regulation of selenium-binding 
protein expression may be chemical dependent. I.low levels of SBPI expression have 
also been associated with higher proliferation of malignant tumors and worse survival of 
humans and mice with lung or colorectal cancer (Chen et aI., 2004; Li et aI., 2008; Pohl 
et aI., 2009). Porat et a1. (2000) have suggested that selenium-binding protein mediates 
the intracellular transport of Se. Selenium deficiency may limit SBPI expression 
therefore reducing biological function of the protein. 
Metallothioneins (MTs) were the only proteins identified in Se containing peak 3 
of the size exclusion chromatography separation (Figure 4). Metallothioneins are low in 
molecular weight and rich in cysteine residues. Metals bind easily to MTs due to the 
thiol groups (-SH) in the cysteine residues (Kang, 2006). Selenium has a high binding 
affinity for cysteine. Metallothionein peptide fragments, identified in Se containing peak 
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3 and shown in Table 3, contain several cysteine residues in each fragment. The MS/MS 
spectrum of the cysteine rich MTIA peptide GASDKCSCCA identified in QC03LH3 
pygmy sperm whale liver is shown in Appendix B Figure 19. Metallothioneins are 
synthesized in a high capacity in tissues that uptake, store, and eliminate metals such as 
liver (Sarkar et aI., 2006). Both essential and toxic trace elements can induce MTs 
through chelation of cysteine residues. Metallothioneins act in n1aintaining homeostasis 
and detoxification by restricting availability of metal cations at harmful sites (Kang, 
2006). Metallothioneins have been proposed as biomarkers to assess marine organisms 
for exposure and impact of toxic metals in the marine ecosystem (Sarkar et aI., 2006). 
K wohn et al. (1986; 1988) were the first to isolate and identify MT1 and MT2 in striped 
dolphins (SteneZZa coeruleoalba). Metallothioneins have been detected in liver and 
associated with metals in several marine mammal species including sperm whales 
(Physter lnacrocephalus), bottlenose dolphins, striped dolphins, pilot whales 
(Globicephala lnelas), narwhals (Monodon monoceros), Dall's porpoises (Phocoenoides 
daZZi), and California sea lions (Zalophus californianus) (Wagemann et aI., 1984; Das et 



















O.OE+O ~----------~---===~----~--~~==~~----------~ 0 
(j 8 10 12 
Tilue (Illill) 








Figure 3. SDS-PAGE separation of QC03LH3 pygmy sperm whale liver homogenate 
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Figure 4. SECIUV/ICP-MS chromatogram of QC03LH3 pygmy sperm whale liver 
homogenate. Numbers indicate significant protein peaks containing Se. 
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Table 3. QC03LH3 Se protein peptide matches, species, % protein sequence coverage, and peptide probability (P) value. 
Protein Species % protein Peptides P value 
sequence coverage 
Glutathione peroxidase I Bovine 54.63% CEVNGEK 8.32E-05 * 
SAAALAAAAPR 1.38E-04 
NEEILNCLK 5.70E-05 * 
FITWSPVCR 3.56E-04 * 
FLVGPDGVPVR 1.22E-05 
FLVGPDGVPVRR 5.88E-05 * 
GLVVLGFPCNQFGHQENAKNEEILNCLK ] .06E-11 
YVRPGGGFEPNFM LFEK 5.13E-07 
FLTIDIEPD IETLLSQGASA 8.23E-04 
AHPLFAFLR 3.24E-06 
Human 30.35% GLVVLGFPCNQFGHQENAK 5.56E-11 * 
VLLIENVASLUGTTVR 2.93E-09 * 
I YVRPGGGFEPNFMLFEK 2.62E-09 * 
~ 
VJ NDVAWNFEK 3.79E-07 * 
~ 
Common marmoset 4.48% I NDVAWNFEK 9.04E-06 
Mouse 5.47% DYTEMNDLQKR 5.34E-07 
Pig 8.74% EALPTPSDDATALMTDPK 1.09E-I0 
Rabbit 8.50% YVRPGGGFEPNFMLFQK 1.44E-05 
Glutathione S -transferase Al Bovine 8.11 % AILNYIATKYNLYGKDMK 4.836-09 
Glutathione S -transferase P Bovine 7.62% FQDGDLTLYQSNAILR 4.85E-09 
Long-tailed hamster 7.62% FEDGDLTLYQSNAILR 5.63E-07 
Pig 5.31% PPYTITYFPVR 1.35E-04 
Glyceraldehyde-3-phosphate dehydrogenase Bovine 37.24% AENGKLVINGK 2.47E-03 * 
LEKPAKYDEIKK 3.50E-05 * 
G AAQNIIPASTGAAK 1.09E-07 * 
VYDLMVHMASKE 7.73E-05 * 
IVSNASCTTNCLAPLAK 1.11 E-09 * 
A ITIFQERDPANIK 3.51 E-04 
VPTPNVSVVDLTCR 4.77E-04 * 
LTGM AFRVPTPNVSVVDLTCR 3.09E-05 * 
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Pe pti des P yalue 
WGDAGAEYVVESTGVFTTMEK 5.00E-13 * 
VKVGVNGFGR 4.73E-05 * 
LISWYDNEFGYSNR 2.93E-06 * 




CAQGCVCKGASD K 1.85E-06 
CAQGCVCKGASDKCSCCA 2.65E-13 
GASDKCSCCA 3.89E-07 * 
SCCSCCP AECEK 1.24E-05 * 
SCCSCCP AECEK 4.34E-06 
CAQGCICKGGSDKCSCCA 2.87E-08 
YG PM EEPL VlEK 5.14E-06 * 
GGPVQVLEDQELK 1.26E-06 
TKLLLPSLISSR 8.77E-07 * 
GGPVQVLEDEELK 6.94E-06 * 
LTGQLFLGGSIVK 3.66E-07 
EEIVYLPCIYR 4.62E-06 :;: 
FLIATGERPR 2.79E-04 * 
AGQPLQLLDASWYLPK 2.8 I E-08 
A LVSAQWVAEALR 7.53E-05 * 
* P value was calculated from the custom made human and bovine protein database since peptides associated with these 
values were not identified from the SwissProt database. 
Table 4. Properties and functions of Se proteins identified in QC03LH3 pygmy sperm whale liver. 
Protein Protein Species Sequence MW Known function 
Class Length (kDa) 
Glutathione peroxidase I Selenoprotein Bovine 205 AA 22.7 protects hemoglobin in red blood cells from oxidative breakdown 
Human 201 AA 21.9 
Common marmoset 201 AA 21.8 
Mouse 201 AA 22.3 
Pig 206AA 22.6 
Rabbit 200AA 21.9 
Glutathione S-transferase A I Se-binding Bovine 222AA 25.5 conjugation of reduced glutathione to hydrophobic electrophiles 
Glutathione S-transferase P Se-binding Bovine 210AA 23.6 conjugation of reduced glutathione to hydrophobic electrophiles: aids in 
Long-tailed hamster 210 AA 23.6 detoxification with xenobiotic metabolism 
Pig 207 AA 23.5 
Glyceraldehy de-3-phosphate dehy drogenase Se-binding Bovine 333 AA 35.9 involved in metabolic switch under oxidative stress allowing cells to 
Human 335 AA 36.1 produce more NADPH 
Greater Egyptian jerboa 363 AA 39.4 
I M etallothionein-l A Se-binding Bovine 61 AA 6.0 high cysteine residue content binds heavy metals ~ 
w M etallothionein-2 Se-binding Human 61 AA 6.0 high cy steine residue content binds heavy metals w 
I M etallothionein-3 Se-binding Human 68 AA 6.9 binds heavy metals 
Wild yak 68 AA 6.9 
M etallothionein-4 Se-binding Dog 62AA 6.2 binds heavy met als 
protects cells against membrane lipid peroxidation and oxidative damage 
Phospholipid hydroperoxide glutathione peroxidase Selenoprotein Human ]97 AA 22.2 
Selenium-binding protein 1 Se-binding Bovine 472AA 52.6 selenium-binding protein: involved in sensing reactive xenobiotics in the 
Human 472 AA 52.4 cytoplasm 
Serum albumin Se-containing Bovine 607 AA 69.3 most abundant protein in plasma. regulates colloidal osmotic pressure 
Human 609AA 69.4 of blood, acts as a plasma calTier by non-specific binding 
Thioredoxin reductase I Selenoprotein Human 649 AA 70.9 reduces thioredoxin using NADPH 
3-mercap top y ruvate sulfurtransferase Se-binding Human 297 AA 33.2 transfers sulfur-containing groups eSe can substitute) to thiol 
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Figure 5. SEC/uV/ICP-MS chromatogram of QC03LH3 pygmy sperm whale liver 
homogenate indicating specific Se protein presence in peaks based on retention time and 
absorption. 
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Selenium species profiling in pygmy sperm whale liver and heart 
SeleniulTI species profiling was performed along with total Se and Hg 
concentration measurements on 30 liver and 5 heart samples. Heart disease stages were 
assigned to complement 21 animals with liver samples from the NMMTB and for all 5 
animal heart samples. Total Se (9.189 ± 4.00 Ilg/g, wet mass fraction) has a significant 
effect on the concentration of Se protein species in individual peaks in pygmy sperm 
whale livers. The maximum peak heights (cps) for peaks 2 and 3 increase significantly as 
total Se concentrations increase (Figures 6B and 6C). While, maximum peak heights for 
peak 1 do not change in relationship to increasing total Se concentrations (Figure 6A). 
Since peaks 2 and 3 increase in intensity relative to total Se concentration increasing in 
liver, there could be similar Se incorporation mechanisms between proteins eluting in 
these peaks. Total Se and Hg concentrations have been shown to be closely positively 
con'elated in liver. However, total Hg (10.452 ± 8,744 ~g/g, wet mass fraction) does not 
have a significant effect on the concentration of Se protein species in individual peaks in 
pygmy sperm whale livers (total Hg measurements were discussed in Chapter 2). This 
may be due to hydrogen selenide aiding in detoxifying methyl Hg and binding to 
inorganic Hg forming mercury selenide (HgSe) crystals, which are small inert inorganic 
molecules that are stored in the liver (Falnoga et aI., 2006). 
Cardiomyopathy in pygmy sperm whales is a chronic, progressive disease in 
which varying degrees of cardiac degeneration occur along the progression of the disease 
leading to the terminal state of advanced cardiomyopathy (Bossart et ai., 2007). This 
appears to be the first study to assess Se protein profiles with LC/uV/ICP-MS in a 
malnmal species affected by cardiomyopathy. Relative peak heights of Se protein 
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species in Se profiles were related to cardiomyopathy progression in pygmy sperm 
whales. Figure 7 shows a comparison between the SEC/ICP-MS chromatograms for liver 
samples from K. breviceps that represent individuals at different stages of heart disease 
progression. Selenium protein profiles differ in liver in relationship to stage of 
cardiomyopathy progression. To assess the differences in Se protein peak height 
intensities between heart disease stages, mean indi vidual peak intensity percentages were 
calculated from the sum of the three peak height intensities (Figure 8). Anin1als with no 
pathological findings had Se protein percentages among peaks that were egui valent. 
Whales with cardiomyopathy had the greatest peak 3 intensities when compared to other 
heart disease stages. Animals with myocardial degeneration and cardiomyopathy had 
greater peak 3 intensities than peak 1 intensities. While peak 2 intensities increased 
significantly with increasing total Se, the peaks mean percentage remained constant 
relative to heart disease stage. Pygmy sperm whales with NPF have lower total Se 
concentrations (7.159 ± 1.255 ~g/g, wet mass fraction) than animals with MCD (10.502 ± 
1.183 ~g/g, wet mass fraction) or CMP (11.759 ± 1.775 ~g/g, wet mass fraction). Figure 
9 shows a comparison between the SEC/ICP-MS chromatograms for all heart samples at 
different stages of heart disease progression. Peak patterns in heart tissue were similar to 
liver tissue while 80Se count rates were an order of magnitude lower in heart tissue than 
liver tissue (Figures 7 and 9). The heart tissue chromatograms have several small Se 
peaks and have inferior peak resolution compared to liver tissue due to poorer sample 
collection and storage conditions that may have allowed protein degradation, relative to 
specimens preserved using strict NMMTB protocols. The number of heart samples 
prevented further statistical analyses. 
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Differences in Se protein distribution among tissues and sub-cellular fractions 
have previously been identified and suggested that these proteins are involved in several 
metabolic pathways (Behne et aI., 1988; Behne et aI., 1990). Further biological 
importance of Se proteins was recognized when preferential supply of Se for formation of 
specific Se proteins was discovered with insufficient Se intake (Behne et aI., 1988). 
Selenium protein pattern differences between profiles for animals with no pathological 
findings and animals affected by cardiac disease indicate a potential altered metabolic 
pathway of protein production. Peak 2 Se protein intensities do not change as a function 
of heart disease progression suggesting that Se proteins in this peak are not related to 
heart disease and peak 2 Se protein abundance increases as a consequence of total Se 
concentration increasing. Peak 1 intensities are not affected by total Se concentration 
therefore the Se proteins found in this peak could actually remain stable throughout heart 
disease progression even though peak 1 appears to be of greater intensity in NPF animals 
(Figure 7). Given that total Se concentrations are greater in whales with eMP, 
accumulation of total Se in conjunction with increases in peak 3 intensities may indicate 
that in the presence of heart disease-correlated Se proteins found in peak 3 are up-
regulated and involved in the disease state. 
Since Inetallothioneins were the only proteins identified in peak 3, up-regulation 
of MTs suggests their potential utility as a biomarker for onset of early stages of heart 
disease leading to cardiomyopathy in pygnly sperm whales, however much lTIOre research 
is needed in this area. Metallothioneins have been proposed in other marine mamn1al 
studies as biomarkers of exposure for metal pollution and findings in this study could 
lead to another application of MTs as biomarkers for disease (Das et aI., 2000). 
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Metallothioneins have been suggested in playing a cardioprotective role by regulating 
metal homeostasis and anti-oxidant response (Ceylan-Isik et al.; Ye et aI., 2003; Liu et 
aI., 2009). Human studies have found that individuals with the MTl A genetic 
polymorphism are predisposed to developing cardiovascular disease when there is an 
imbalance between oxidant production and antioxidant defenses (Giacconi et aI.). This 
demonstrates the role of gene-diet interactions in which two factors that contribute to 
disease development and progression act collectively and are interconnected to one 
another. In this study, MTIA was specifically identified in pygmy sperm whales liver. 
Variations in Se protein profiles in tissues of pygmy sperm whales at different heart 
disease stages may lend insight into how protein presence and relative abundance 
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Figure 6. Effect of the total selenium concentration on the concentration of selenium 
species in individual peaks in pygrny sperm whale livers. Relationship between 
maximum peak intensity and total Se concentration for peaks l-SBP (A) , 2-GPx (B), and 
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Figure 7. Pygmy sperm whale liver 80Se profiles for individuals with different heart 
disease stages; no pathological findings (NPF), myocardial degeneration (MCD), 




NPF Men CMP 
Heart Disease Stage Peak 1- SBP D Peak 2 - GPx. Peak 3 -MTs D 
NPF (n = 8) 31.275 ± 6.232 % 34.387 ± 3.240 % 34.338 ± 3.989 0/0 
MCD (n = 9) 23.953 ± 5.876 % 34.734 ± 3.055 % 41.313 ± 3.761 % 
CMP(n =4) 21.427 ± 8.813 % 35.356 ± 4.582 0/0 43.216 ± 5.642 % 
Figure 8. Se protein distribution in each protein peak as a percentage (± SE) of the sum 
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Figure 9. 80Se profiles for 5 individual pygmy sperm whale hearts with different heart 




Selenoproteins, selenium-containing proteins, and selenium-binding proteins were 
identified for the first time in pygmy sperm whale liver. Profiling Se species with 
SEC/ICP-MS was a useful tool in identifying differences in Se protein containing peak 
patterns between stages of heart disease progression. For whales with MCD and CMP, 
Se peak patterns showed that low molecular weight metallothionein proteins were in 
greater abundance than animals with NPF. Relative abundance of high molecular weight 
Se proteins increased parallel to total Se concentration increasing. Protein identification 
and profiling was the first step in gaining insight to how selenium proteins are related to 
cardiomyopathy in pygmy sperm whales. Future research should be dedicated to 
measuring individual protein concentrations and protein activity. ~1any of the factors 
that can contribute to onset and progression of cardiomyopathy in pygmy sperm whales 
may not stand alone but rather act collectively and require further investigation in. 
Methods developed and used in this study to identify and profile Se proteins in K. 
hreviceps could be applied to other species that are affected by cardiomyopathy to gain 
further insight into the role Se plays in cardioITlyopathy. 
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CONCLUSIONS AND FUTURE DIRECTIONS 
More than half of pygmy sperm whales are affected by cardiomyopathy at some 
stage in disease progression (Bossart et aI., 2007). Pygmy sperm whales are the only 
known species to exhibit cardiomyopathy at such a high rate. Studying cardiomyopathy 
in this species is of great interest since etiology of cardiomyopathy across affected 
species still is not \vell characterized. In humans, cardiomyopathy is the most common 
disease that leads to heart transplants (Towbin and Bowles, 2002). Cardiomyopathy was 
first identified in pygmy sperm whales in the mid 1980' s and progress to understand the 
etiology of this disease in this species has been minimal (Bossart et aI., 1985; Bossart et 
ai., 2007). This has partially been due to the difficulty in studying these pelagic whales 
and much of what is known about the species has been gained froln stranded animals. A 
renewed interest in understanding health problems in this species came from the 
increased number of pygmy sperm whales stranding during 2003. This has led to more 
detailed pathology studies (Bossart et aI., 2007) and multiple research groups studying 
factors that may contribute to development and progression of cardiomyopathy, including 
genetics, domoic acid exposure, and dietary intake of mercury, selenium, and pro-
oxidants. The overriding aim of this study was to examine mercury and selenium 
chemistries along with protein oxidation to gain insight into how they are related to 
cardiomyopathy in pygmy sperm whales. 
Life history, pathology, and histology information was integrated into establishing 
stages of cardiomyopathy progression for pygmy sperm whales that were part of this 
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study. Some drawbacks have been discovered for relying on autopsy reports and 
histology to diagnose cardiac disease stage. Human studies have found that a large 
number of patients diagnosed with cardiomyopathy do not meet the histopathological 
Dallas criteria (Kyto et aI., 2005). Histopathological Dallas criteria and species-specific 
criteria put fOlth by Bossart et al. (2007) may over look physiological features, such as 
ejection fraction, heart chamber contractibility, and arrhythmia, which are useful in 
accurately diagnosing cardiac disease. Use of modified human clinical diagnostic tools, 
such as thoracic radiography, electrocardiography, and echocardiography, may aid in 
more definitive diagnosis of cardiomyopathy in pygmy sperm whales. Alternatively, 
development of chemical biomarkers for use in identifying presence and stage of 
cardiomyopathy would be feasible, highly valuable, and offset some logistical difficulties 
associated with using clinical diagnostic tools in the field. 
In conjunction with this project, the National Institute of Standards and 
Technology Protocol for the Collection of Liver, Heart, and Blood T'issue Samples from 
Stranded Pygmy Speml Whales (Kogia hreviceps) was developed in ordered to 
standardize future tissue collection efforts among field collectors (Appendix A). 
Standardized tissue collection produces more samples that are suitable for chemical 
analyses and heart disease stage assignment. Continued collection of pygmy sperm 
whale samples will allow increased sample size to further strengthen statistical analyses, 
permit comparison between heart tissue measurements and heart disease stage, and 
ultimately gain additional insight into biochemical pathways contributing to development 
of cardjomyopathy. 
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This study leveraged the largest pygmy sperm whale sample size including 
samples from 62 animals of which heart disease stage was assigned to 36 individuals. 
Cardiomyopathy was predorillnantly diagnosed in adult male pygmy spenn whales which 
is parallel to what is observed in humans (Vinnani, 2004). Selenium and Hg 
concentrations and protein oxidation measurements were collected for heart and liver 
tissue and data has been categorized with animal age, gender, and heart disease stage. All 
pygmy sperm whale liver and heart samples reflected total Hg and methyl Hg 
concentration were over the US EPA action limits for edible fish tissues demonstrating 
that Hg biolnagnifies and bioaccumulates in this species, which raises concern for 
humans that consume this whale in their diet. Both Hg and Se increase with age class as 
a result of the biomagnifications and bioaccumulation processes. Adult males exhibited 
the greatest occurrence of cardiomyopathy; they also reflected greater Hg:Se molar ratios 
and tissues stress (measured via protein oxidation) than females. Pygmy sperm whales 
with cardiomyopathy did not show signs of insufficient bioavailable Se due to Se 
sequestering by Hg, although it is well known that these elements track one another in 
marine mammals. Other studies have shown that when Hg concentrations increase, 
organisms accurnulate more Se which could be a result of the need for Se to detoxify Hg. 
The relationship between Hg and Se chemistries in pygmy spenn whales 
prompted further examination into Se protein presence and relative abundance and their 
relationship to cardiomyopathy_ Selenoproteins, selenium-containing proteins, and 
selenium-binding proteins were identified for the first time in pygmy sperm whale liver. 
All the Se proteins identified in Kogia hreviceps were homologous to other mammalian 
species Se proteins demonstrating that protein peptide sequences are conserved across 
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speCIes. Several Se proteins were identified by a single peptide MS/MS spectrum match 
requiring further verification by complementary means. Western blots with antibodies 
against Se proteins would be the next step to confirm protein identification. Further 
protein verification utilizing antibodies cannot be performed until the proteome for Kogia 
hreviceps has been sequenced, which in this rare species in unlikely to occur. The 
alternative would be to rely on antibody cross reactivity, since many Se proteins in 
pygmy sperm whales are homologous to those in other species, such as bovine, 
Profiling Se protein species with size exclusion chromatography coupled to ICP-
MS was a useful tool for examining relationships between total Se and Hg concentrations 
and identifying differences in Se protein containing peak patterns among or as a function 
of stages of heart disease progression. Total Se concentrations in pygmy sperm whale 
liver were directly related to changes in mid (GPx) and low (MTs) molecular weight Se 
protein abundance while total Hg concentrations had no relation to Se protein abundance. 
Pygmy sperm whale liver and heart selenium protein species profiles ret1ected different 
patterns among heart disease stages. Animals with CMP had increased expression of low 
molecular weight metallothioneins indicating altered synthesis of Se proteins in 
relationship to disease state. With further research, metallothioneins may show promise 
for application as a biomarker for onset of early stages of heart disease leading to 
cardiomyopathy. The methods developed in this study to identify and profile Se protein 
in pygmy sperm whales could be applied to other species that are affected by 
cardiomyopathy to gain further insight into the role Se plays in cardiomyopathy. Future 
Se protein research should focus on measuring individual Se protein concentrations using 
speciated isotope dilution methods and measuring protein activity with biological assays. 
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Other collaborating scientists are examining genetics and domoic acid exposure in 
relationship to cardiomyopathy. Many of the animals that are in the current study group 
overlap with individuals that are part of collaborating research projects. So it will be 
interesting to overlay data from this study with genetic information and dOlTIoic acid 
exposure data to set how they relate. Underlying goal of all projects studying factors that 
may contribute to onset and progression of cardiomyopathy is to increase knowledge of 
cardjomyopathy etiology in pygmy sperm whales which could provide complementary 
information for species that are also affected with this disease. 
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APPENDIX A 
NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY 
PROTOCOL F()R THE COLLECTION OF LIVER, HEART, AND 
BLOOD TISSUE SAMPLES FROM STRANDED PYGMY SPERM 
WHALES (Kogia hreviceps) 
Liver Sample Collection 
Materials: 
• Kogia tissue collection form (Please fill out a form for each animal sampled) 
• Powder free vinyl gloves (non-NMMTB collector) 
• Stainless steel instruments (collector is asked to provide) 
• Teflon sheets (non-NMMTB collector) 
• 6" x 7" Teflon bags (non-NMMTB collector) 
• Zip ties (non-NMMTB collector) 
• Tyvec tags (non-NMMTB collector) 
• Cryogenic marker 
• Portable cooler (collector is asked to provide if in the field) 
• Histology cassettes 
• Pencil 
• 250 mL N algene plastic wide mouth bottle with 10% neutral buffered formalin 
(collector is asked to provide formalin; by request formalin can be shipped to a 
collector) 
• Parafilm 
• Zip lock bags 
NMMTB = National Marine Mamnlal Tissue Bank 
Procedure: 
Fresh Frozen Tissue: 
NMMTB Collector 
• Follow protocol for collecting fresh frozen liver tissue for the NMMTB. 
Non-NMMTB Collector 
• Lay down a Teflon sheet over a cutting board or cutting surface to cut the Ii ver 
sample. 
• While wearing clean, powder free vinyl gloves, remove 75-100 g sample of liver 
tissue from the center of the left lobe using stainless steel instruments. 
• Place each tissue in a separate clean Teflon bag (6" x 7"), complete information 
on Tyvec tag with a cryogenic marker, and place tag on zip tie before securing the 
zip tie to close Teflon bag. 
• Place sample on ice inside of portable cooler until sample can be frozen. 
• Place sample in a -80°C freezer until a liquid nitrogen dry shipper is recei ved 
from NIST for shipping. 
Fixed Tissue: 
• While wearing clean, powder free vinyl gloves, cut two tissue slices slightly 
smaller than the inside dimensions of the tissue cassette and adjacent to where the 
fresh frozen tissue was collected using stainless steel instruments. 
• Place each tissue sample into separate histology cassettes, complete information 
on each cassette with a pencil, and place cassettes in 250 mL Nalgene plastic wide 
mouth bottle with 10% neutral buffered formalin. 
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• After the lid is tightly screwed onto the bottle, wrap the lid with parafilm, and 
place the bottle in a ziplock bag before shipping. 














Kogia tissue collection form (Please fill out a form for each animal sampled) 
Powder free vinyl gloves (non-NMMTB collector) 
Stainless steel instruments (collector is asked to provide) 
Teflon sheets (non-NMMTB collector) 
15 mL Nalgene plastic jars 
Cryogenic marker 
Portable cooler (collector is asked to provide if in the field) 
Histology cassettes 
Pencil 
250 mL N algene plastic wide mouth bottle with 10% neutral buffered fOTI11alin 
(collector is asked to provide formalin; by request formalin can be shipped to a 
collector) 
Parafilm 
Zip lock bags 
Procedure: 
Fre.sh Frozen Tissue: 
• Lay down a Teflon sheet over a cutting board or cutting surface to cut the heart 
sample. 
• While wearing clean, powder free vinyl gloves, remove full depth (epicardium to 
endocardiuln) 5 g samples of fresh heart tissue from Right Atrium eRA), Dorsal-
Right Ventricle-2 (D-RV-2), and Dorsal-Left Ventricle-2 (D-LV-2) (see Hensley 
et aI., 2005) using stainless steel instruments. 
• Place each tissue in a separate clean 15 mL Nalgene plastic jars and complete 
information on the jars with a cryogenic lllarker. 
• Place sample on ice inside of portable cooler until sample can be frozen. 
• Place sample in a -80 °C freezer until a liquid nitrogen dry shipper is recei ved 
from NIST for shipping. 
Fixed 'fissue: 
• While wearing clean, powder free vinyl gloves, cut full depth (epicardium to 
endocardium) fresh or already fixed heart tissue slices slightly smaller than the 
inside dimensions of the tissue cassette from RA, D-RV -2 and D-LV-2 (see 
Hensley et aI., 2005) using stainless steel instruments. 
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• Place each tissue sample into separate histology cassettes, complete information 
on each cassette with a pencil, and place cassettes in 250 mL Nalgene plastic wide 
mouth bottle with 10% neutral buffered formalin. 
• After the lid is tightly screwed onto the bottle, wrap the lid with parafilm, and 
place the bottle in a ziplock bag before shipping. 
Blood Sample Collection 
Preface: Blood samples will only be obtained when an animal strands alive. Salnples 
can be collected while the animal is still alive or just after the animal is euthanized if it 


















Kogia tissue collection form (Please fill out a form for each animal sampled) 
Powder free vinyl gloves (non-NMMTB collectors) 
7.5 mL lavender-top EDTA KE whole blood tubes (l/animal) (the plunger must 
be pulled back, locked, and snapped off to set the vacuum prior to blood 
collection) 
10 mL tiger-top serun1 separation tubes (3/animal) 
10 mL green-top sodium heparin plasma blood tubes (2/animal) 
Alcohol swabs 
19 G butterfly needle blood collection set 
heart stick needles 
20 G needles 
20 mL slip tip syringes 
Cryogenic marker 
Portable cooler and bubble wrap (collector is asked to provide if in the field) 
Centrifuge (collector is asked to provide) 
2 nIL orange cap Coming external thread plastic cryovials 
Plastic pipettes 
Test tube rack (if needed, collector is asked to provide) 
Procedure: 
Venipuncture Blood Collection: 
• If possible, the blood will be collected by venipuncture and the blood collection 
site will be wiped with an alcohol swab before using a butterfly needle collection 
set to draw blood. 
• Blood tube collection order: 
1 st - 7.5 mL lavender-top tube (1/animal) (must be collected] st to 
prevent trace element contamination from the other blood tubes) 
2nd - 10 mL tiger-top tubes (3/animal) 
3rd - 10 mL green-top tubes (2/animal) 
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• Invert blood tubes 8-10 times to mix the anticoagulant with the blood. 
• If in the field, wrap the lavender and green-top blood tubes in bubble wrap to 
prevent direct contact with ice which can cause hemolysis. 
• Place lavender and green-top tubes inside portable cooler and let the tiger-top 
tubes sit at room temperature until they can be processed. 







If venipuncture is not possible, a heart stick will be performed to collect blood 
and the needle puncture site will be wiped with an alcohol swab. 
Using the heart stick needle, draw blood up into 20 mL syringes to collect a total 
blood volume of about 60 mL which will fill the requested blood tubes. 
S witch out the heart stick needle for 20 G needles on each syringe and push the 
blood into each blood tube in the following order: 
1 st - 7.5 mL lavender top tube (1/animal) (must be collected 1 st to 
prevent trace element contamination from the other blood tubes) 
2nd - 10 mL tiger top tubes (3/animal) 
3rd - 10 mL green top tubes (2/animal) 
Invert blood tubes 8-10 times to mix the anticoagulant with the blood. 
If in the field, wrap the lavender and green-top blood tubes in bubble wrap to 
prevent direct contact with ice which can cause hemolysis. 
Place lavender and green-top tubes inside portable cooler and let the tiger-top 
tubes sit at room temperature until they can be processed. 
Blood Tube Pr_ocessing: 
Lavender-top EDT A KE whole blood tubes 
• Complete infornlation on label with a cryogenic marker. 
• Invert to mix blood and freeze upright in -80 °C freezer until a liquid nitrogen dry 
shipper is received froI11 NIST for shipping. 
Tiger .. top serum separation tubes 
• Let tubes sit at room temperature for 30-45 minutes. 
• Use a centrifuge to spin tubes at 1200 rpm for 5 minutes. 
• While wearing clean, powder free vinyl glove, use plastic pipettes to pull off 
serum from each tube, place serum in cryovials, and complete information on 
label with a cryogenic marker. 
• After serum removal, properly dispose of tiger-top blood tubes with remaining 
cellular material. 
• Freeze cryovials in a -80°C freezer until a liquid nitrogen dry shipper is received 
from NIST for shipping. 
Green-top sodium heparin plasma blood tubes 
• Complete information on label with a cryogenic marker. 
• Use a centrifuge to spin tubes at 1200 rpm for 5 minutes . 
• : Freeze blood tubes upright to keep plasma separated from remaining blood cells 




The Tyvec tags, Nalgene 15 mL jars, cryovials, and blood tubes should all be labeled 




Institution / Animal Location 
NMMTB Collectors 
Sample: MMES2005065SC 
24 Aug 05 
Liver 
NIST / SC 
Please check to see if your NMMTB collection supplies are fully stocked. If you need 
more supplies, please contact us so that we can replenish them. 
Shipping 
Frozen liver, heart, and blood tissue samples will be shipped in a liquid nitrogen vapor 
shipper provided by NIST. Fixed liver and heart tissue samples should be shipped using 
the provided FedEx slip within 24-48 hours of being fixed and can be package securely in 
a regular box with the providedUN3373 Biological Substance, Category B sticker 
adhered to the outside. All samples must be shipped Federal Express, Priority Overnight 
to the following address: 
Rebecca Pugh (LN2 shippers) or Colleen Bryan (fixed tissues) 
NIST - Hollings Marine Laboratory 
331 Fort Johnson Road 
Charleston, SC 29412 
(843) 762-8952 (Rebecca) 
(843) 762-8832 (Colleen) 
Please provige a copy of the Kogia tissue collection form and Level A data sheets along 
with the ship-ment. 
Please contact Rebecca or Colleen prior to shipping to ensure that an appropriate person 
yvill be there to accept the shipment. 
If you have questions, contact: 
Colleen Bryan 
843-7 62-8832 (work) 
843-406-9075 (home) 









ADDITIONAL mSTOLOGY IMAGES AND RAW DATA 
Figure 1. Photomicrograph of heart tissue from MMES98114SC; female calf with no 
pathological findings; note the uniform shape and size of nuclei. H&E stain; 40X 
magnification. 
Figure 2. Photomicrograph of heart tissue from MMES9711 OSC; adult female with no 
pathological findings; note cardiomyocyte tight parallel array. H&E stain; 40X 
magnification. 
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Figure 3. Photomicrograph of heart tissue from MMES97110SC; adult female with no 
pathological findings; note the cellular cross-cut view of normal cardiomyoctyes. H&E 
stain; 40X magnification. 
Figure 4. Photomicrograph of heart tissue from MMES2004092SC; adult male with 
myocardial degeneration; note the multiple nuclei within cells (arrow). H&E stain; 40X 
magnification. 
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Figure 5. Photomicrograph of heart tissue from MMES2004092SC; adult male with 











Figure 6. Photomicrograph of heart tissue from MMES2007016SC; adult male with 
myocardial degeneration; note the myofiber disarray and architectural disorganization of 
cardiomyocytes. H&E stain; 20X magnification. 
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Figure 7. Photomicrograph of heart tissue from MMES20070 18SC; adult female with 
myocardial degeneration; note the nuclear rowing (bracket). H&E stain; 40X 
magnification. 
Figure 8. Photomicrograph of heart tissue from MMES9484GA; adult male with 
cardiomyopathy; note the multiple nuclei within cells (arrows). H&E stain; 40X 
magnification. 
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Figure 9. Photomicrograph of heart tissue from MMES9719GA; adult female with 
cardiomyopathy; note the interstitial edema (small arrows), vacuolization (arrow head), 
and fibrosis (large arrow). H&E stain; 20X magnification. 
Figure 10. Photomicrograph of heart tissue from MMES2004088SC; adult female with 
cardiomyopathy; note fibrosis (arrow). H&E stain; 20X magnification. 
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Figure 11. Photomicrograph of heart tissue from MMES2004088SC; adult female with 
cardiomyopathy; note wavy-attenuated fibers. H&E stain; 20X magnification. 
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Table 1. Pygmy sperm whale individual animal stranding, gender, age class, total length, 
and heart disease stage. 
AnimalID Stranding Location Gender Age Class Total Length Heart Oi sease 
(State) (cm) Stage 
MMESl-65N 
MMES2000043V A VA A 296 
MMES200 1 012SC SC M SA 228 NPF 
MMES2002153SC SC F A 293 
MMES2002154SC SC M C 175 
MMES2004004SC SC M A 313 NPF 
MMES2005040SC SC F C 140 
MMES9338SC SC M A 282 CMP 
MMES9408SC SC M A 325 MCD 
MMES94109GA GA M A 317 CMP 
MMES9435SC SC M A 323 
MMES9484GA GA M A 300 CMP 
MMES95121 GA GA F A 272 NPF 
MMES95130GA GA F A 284 MCD 
MMES9602SC SC M A 254 NPF 
MMES96147SC SC F A 312 
MMES96150SC SC F A 282 MCD 
IvlMES970 1 SC SC M A 303 
MMES9704SC SC F A 268 
MMES97110SC SC F A 248 NPF 
MMES97111SC SC F A 318 
MMES97113SC SC F A 288 MCD 
MMES97114SC SC M C 123 
MMES9717GA GA SA 223 
MMES9719GA GA F A 317 CMP 
MMES9801SC SC M A 318 
MMES9806SC SC M A 307 
MMES98118SC SC M A 310 NPF 
MMES9887 A TL M A 320 
MMES9889SC SC M C 97 
MMES9891SC SC F C 134 NPF 
MMESCRN 1-87N SC F A 252 
WAM 531 NC M A 268 NPF 
MMES98111SC SC F A 295 MCD 
MMES98114SC SC F C (neonate) 121 NPF 
MMES98121 SC SC F A 298 NPF 
MMES98122SC SC M C 167 NPF 
MMES2001013SC SC M A 290 MCD 
MMES2001045SC SC M A 286 CMP 
MMES2001055SC SC F A 293 MCD 
MMES2004006SC SC M A 303 NPF 
MMES2004086SC SC M A 305 MCD 
MMES2004087SC SC M A 307 NPF 
MMES2004088SC SC F A 280 CMP 
MMES2004089SC SC M C 129 NPF 
MMES2004090SC SC M A 305 MCD 
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Table 1. (continued) 
AnimallD Stranding Location Gender Age Class Total Length Hem1 Disease 
(State) (em) Stage 
Hubbs-0477-Kb FL Atlantic coast F SA 206 
MMES2004092SC SC M A 329 MCD 
MMES2005022SC SC F A 277 
MMES2005039SC SC F A 281 MCD 
Hubbs-0530-Kb FL Atlantic coast M C 129 
MMES2005070SC SC M A 306 
MMES2005041 SC SC M A 297 NPF 
MMES2005047SC SC M A 316 CMP 
MMES2005065SC SC M A 305 CMP 
MML0603 FL Gulf of Mexico F A 278 
06-201-Kb MA F A 285 
Hubbs-0635·-Kb FL Atlantic coast F A 292 
Hubbs-0721-Kb FL Atlantic coast F A 298 
MMES2007018SC SC F A 250 MCD 
MMES2007016SC SC M A 290 MCD 
Hubbs-0736-Kb FL Atlantic coast M SA 205 
M = male, F = female; C = calf, SA = subadult, A = adult; NPF = no pathological 
findings, MCD = myocardial degeneration, CMP = cardiomyopathy. 
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Table 2. Mercury and selenium concentrations (~g/g, wet mass fraction), molar nlasses, and lTIolar ratios in pygmy sperm whale heart 
and Ii ver tissue. 
AnimalID Heart Tissue Li ver Tissue 
THg MeHg % Se Il lTIo1/g IllTIol/g Hg:Se THg MeHg % Se IlITIol/g IlITIol/g Hg:Se 
(Ilg/g) (Ilg/g) MeHg (Ilg/g) Hg Se (Ilg/g) (Ilg/g) MeHg (Ilg/g) Hg Se 
ivlMES 1-65N 20.12 11.066 0.100 0.140 0.716 
MMES2000043VA -- 18.802 -- 8.948 0.094 0.113 0.827 
MMES2001012SC 1.142 3.272 0.006 0.041 0.137 
MMES2002153SC 15.494 -- 14.601 0.077 0.l85 0.418 
MMES2002154SC 0.385 16.669 0.002 0.211 0.009 
M MES2004004SC 32.301 -- 13.483 0.16] 0.171 0.943 
MMES2005040SC 0.301 0.248 93.6 1.405 0.002 0.018 0.084 0.61 0.156 45.2 3.321 0.003 0.042 0.072 
MMES9338SC 4.851 9.754 0.024 0.124 0.196 
MMES9408SC 15.893 -- 13.644 0.079 0.173 0.459 
MMES94109GA 5.912 6.385 0.029 0.081 0.365 
I MMES9435SC 18.774 -- 10.309 0.094 0.131 0.717 ....... 
MMES9484GA 1.554 1.916 94.4 3.792 0.008 0.048 0.161 8.65 15.34 0.043 0.194 0.222 ......,J 
0 
MMES95121GA 11.982 10.248 0.060 0.130 0.460 I --
MMES95130GA 25.72 14.044 0.128 0.178 0.721 
MMES9602SC 3.13 4.931 0.016 0.062 0.250 
MMES96147SC 1.385 2.200 93.5 2.272 0.007 0.029 0.240 5.494 1.129 19.2 7.852 0.027 0.099 0.275 
MMES96150SC 16.375 -- 11.359 0.082 0.144 0.567 
MMES970lSC 1.404 1.699 90.5 3.179 0.007 0.040 0.174 23.328 -- 15.454 0.116 0.196 0.594 
MMES9704SC 1.384 1.465 94.7 2.292 0.007 0.029 0.238 2.766 1.409 51.5 5.023 0.014 0.064 0.217 
MMES97110SC 1.866 2.633 95.8 2.390 0.009 0.030 0.307 6.021 1.533 23.1 8.813 0.030 0.112 0.269 
MMES9711 I SC 1.066 0.977 82.0 1.950 0.005 0.025 0.215 25.134 -- 13.307 0.125 0.169 0.743 
MMES97 1 13SC 23.869 -- 16.389 0.119 0.208 0.573 
MMES97114SC 0.726 4.194 0.004 0.053 0.068 
Mtv1ES9717GA 1.404 8.723 0.007 0.110 0.063 
MMES9719GA 1.382 1.434 92.8 1.655 0.007 0.021 0.329 56.888 -- 21.551 0.284 0.273 1.039 
MMES9801SC 15.347 -- 9.832 0.077 0.125 0.614 
MMES9806SC 15.877 -- 6.964 0.079 0.088 0.897 
MMES98118SC 13.483 -- 7.574 0.067 0.096 0.701 
Table 2. (continued) 
AnimalID Heart Tissue Li ver Tissue 
THg MeHg % Se ~lnol/g ~mol/g Hg:Se THg MeHg % Se ,.11TIol/g \.,ullollg Hg:Se 
(Ilg/g) (Ilg/g) MeHg (~er/er) b 0/ Hg Se (Ilg/g) (~g/g) MeHg ( Ilg/g) Her 0 Se 
MMES9887 A TL 6.868 4.148 0.034 0.053 0.652 
MMES9889SC 1.423 3.075 0.007 0.039 0.]82 
MMES9891SC 0.799 2.164 0.004 0.027 0.145 
!\1MESCRN 1-87N 1.374 2.034 95.2 2.480 0.007 0.03] 0218 2.187 0.907 44.9 7.523 0.011 0.095 0.114 
WAM 531 3.75 9.871 0.019 0.125 0.150 
MMES98111 SC 8.821 10.406 0.044 0.132 0.334 
MMES98114SC 0.709 2.015 0.004 0.026 0.139 
~1MES98 I 21 SC 8.548 7.258 0.043 0.092 0.464 
MMES98122SC 0.45 4.914 0.002 0.062 0.036 
MMES200 1 0 13SC -- 15.897 -- 11.179 0.079 0.142 0.560 
MMES200 1045SC -- 17.983 -- ] 1.436 0.090 0.145 0.619 
I MMES2001055SC -- 12.095 -- 11.984 0.060 0.152 0.397 
........... 
-.l M MES2004006SC -- 21.339 -- 11.396 0.106 0.144 0.737 
'"'-' , 
MMES2004086SC 13.055 10.402 0.065 0.132 0.494 -- --
MMES2004087SC -- 10.268 -- 10.385 0.051 0.132 0.389 
MMES2004088SC -- 3.737 6.211 0.019 0.079 0.237 
MMES2004089SC -- 0.707 2.005 0.004 0.025 0.139 
MMES2004090SC -- 30.018 -- 16.54 0.150 0.209 0.714 
Hubbs-0477-Kb 0.671 6.908 0.003 0.087 0.038 
M MES2004092SC -- 22.665 -- 10.778 0.113 0.136 0.828 
MMES2005022SC -- 5.17 4.203 0.026 0.053 0.484 
MMES2005039SC -- 5.546 5.025 0.028 0.064 0.434 
Hubbs-0530-Kb 0.539 4.21 1 0.003 0.053 0.050 
I'v1MES2005070SC -- 6.303 10.126 0.031 0.128 0.245 
IVIMES2005041 SC -- ] 1.866 -- 9.429 0.059 0.119 0.495 
MMES2005047SC -- 24.736 -- 13.276 0.]23 0.168 0.733 
MMES2005065SC -- 25.577 -- 16.114 0.128 0.204 0.625 
MML0603 6.246 12.754 0.031 0.162 0.193 
Table 2. (continued) 
Animal 10 Heart Tissue Li ver Tissue 
THg MeHg 0/0 Se I.uno!lg Ilmol/g Hg:Se THg MeHg o/t.: Se 11 ITIO l/g IlIl1ol/g Hg:Se 
Ulg/g) (Ilg/g) MeHg (Ilg/g) Hg Se (Ilg/g) (Ilg/g) MeHg (Ilg/g) Hg Se 
06-201-Kb 4.447 6.409 0.022 0.08] 0.273 
Hubbs-0635-Kb 22.738 -- 15.411 0.113 0.195 0.581 
Hllbbs-0271-Kb 16.32 13.201 0.081 0.167 0.487 
MMES20070 18SC 1.303 1.681 94.8 2.996 0.006 0.038 0.171 2.972 0.933 32.2 10.25 0.015 0.130 0.114 
MMES20070 16SC 2.482 3.360 93.2 1.872 0.012 0.024 0.522 9.447 1.65 17.0 7.95 0.047 0.101 0.468 
Hubbs-0736- Kb 0.925 3.504 0.005 0.044 0.104 
Mean 1.409 1.786 92.761 2.389 0.007 0.030 0.242 1 1.537 1.102 33.306 9.444 0.058 0.120 0.416 
SO 0.523 0.819 3.861 0.704 0.002 0.009 0.115 10.627 0.507 14.019 4.399 0.053 0.056 0.266 







Table 3. Bovine and human protein FASTA files included in custom Se protein database. 
Protein Bovine Human Protein Bovine Human 
15 kDa selenoprotein V V O-phosphosery l-tRNA(Sec) selenium trans ferase V 
15 kDa selenoprotein isofonn 1 " Phospholipid hydroperoxide glutathione peroxidase V V .3-mercaptopyruvate s ulfurtransferase Y SECIS-binding protein 2 Y 
Ethanolaminephosphotransferase 1 V Selenide, water dikinase V 
Glutathione peroxidase 1 Y V Selenide, water dikinase 1 Y 
Glutathione peroxidase 2 Y Selenide, water dikinase 2 V 
Glutathione peroxidase 3 V Y Selenium-binding protein 1 V V 
Glutathione peroxidase 6 Y Selenocysteine lyase Y V 
Glutathione S-transferase P " V Selenoprotein H V Glyceraldehyde-3-phos phate dehydrogenase Y V Selenoprotein I (Ethanolaminephosphotransferase 1) V 
Todothyronine deiodinase Y Selenoprotein K V V 
Metallothionein-l Y Selenoprotein M V 
f 
........ 
Metallothionein-IA Y Y Selenoprotein N V -J 
W 
! Metallothionein-] B Y Selenoprotein 0 Y 
MetaIlothionein-lE Y Selenoprotein P Y Y 
M etallothionein -1 F V Selenoprotein S V V 
Metallothionein-IG V Selenoprotein T V V 
Metallothionein-l H Y Selenoprotein V V 
Metallothionein-IL Y Selenoprotein W V 
Metallothionein-1M Y Serum albumin V V 
Metalloth ionein-l X V Thioredoxin reductase I V V 
Metal1othionein-2 V V Thioredoxin reductase 2 V V 
Metal1othionein-3 V V Type I iodothyronine deiodinase V 
Metallothionein-4 V Type II iodothyronine deiodinase V V 
Metallothionein-I V Type III iodothyronine deiodinase V V 
Metallothionein -II y Ubiquitin carboxyl-telll1inal hydrolase V V 
Methionine-R-sulfoxide reductase B1 V V 
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Figure 12. Strong anion exchange (SAX) LC separation and UV/ICP-MS detection of 
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Figure 13. Size exclusion (SEC) LC separation and ICP-MS detection of QC03LH3 
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Figure 19. MSIMS spectrum of QC03LH3 separated by SEC; MT1A bovine peptide GASDKCSCCA. 
